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Introduction  to  Final  Report  (October  2012): 


Due  to  his  illness  and  death,  after  this  work  was  completed,  Principal  Investigator  Dr.  William 
Tatton  was  unable  to  assemble  and  submit  a  Final  Report  for  the  project  entitled  Toxic 
Neuronal  Death  by  Glyeraldehyde-3-Phosphate  Dehydrogenase  and  Mitochondria.’  We  were 
able  to  reconstruct  a  Final  Report  for  this  project  by  gathering  a  draft  copy  of  the  project’s  three 
progress  reports  and  referencing  Dr.  Tatton’s  publications  that  cite  additional  progress. 


Dr.  Tatton’s  Introduction  (2002): 

This  proposal  was  designed  to  examine  the  role  of  glyceraldehyde-3-phosphate  deydrogenase 
(GAPDH),  mitochondrial  permeability  and  mitochondrial  membrane  potential  in  some  forms  of 
toxic  neuronal  death.  Mitochondria  have  been  shown  to  play  a  critical  decisional  role  in  some 
forms  of  cell  death,  namely  apoptotic  cell  death.  Determining  the  mechanism  of  the  toxin 
induced  apoptosis  night  reveal  potential  therapeutic  targets  which  could  slow  or  alleviate  the 
apoptosis.  To  address  these  issues,  we  proposed  a  series  of  experiments  which  include  and  in 
vitro  study  of  neurons  and  neuron-like  cells  in  culture  that  would  be  immunostained  to  determine 
which  toxic  insults  involved  changes  in  GAPDH  levels  or  distribution,  changes  mitochondrial 
membrane  potential  and  permeability  transition  pore  opening.  We  proposed  to  examine  mutated 
cell  lines  of  PCI 2  and  3T3  cells  with  inducible  GAPDH  expression.  The  direct  actions  of 
GAPDH  and  NAD+  will  be  examined  using  a  cell  free  system  of  nuclear  mitochondria;  and 
cystolic  subtractions.  Finally,  we  proposed  to  examine  whether  GAPDH  alters  the  transcription 
or  translation  of  specific  subsets  of  genes  and/or  their  RNA  targets  using  a  lysate  system.  At 
this  point,  we  addressed  many  of  the  objectives  and  are  on  schedule  for  the  completion  of  the 
study  by  the  end  of  the  funding  period. 
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Tatton.  William  George 


Background 

We  have  developed  a  hypothetical  step  by  step  model  for  GAPDH  induction  of  apoptosis:  1)  NAD* 
levels  modulate  the  participation  of  GAPDH  in  glycolysis,  since  NAD*  causes  GAPDH  to  be  freed  from  AU- 
rich  RNA;  2)  the  higher  the  energy  demands  of  the  cell,  as  signaled  by  NAD*  levels,  the  greater  the  amounts 
of  GAPDH  available  for  glycolysis;  3)  the  majority  of  NAD*  is  found  in  the  matrix  of  mitochondria,  which  is 
released  upon  PTP  opening  and  frees  GAPDH  from  AU-RNA  for  nuclear  translocation.  We  propose  that 
NAD  is  one  of  the  unidentified  heat  labile  mitochondrial  factors  that  facilitates  apoptosis,  4)  similarly,  high 
levels  of  superoxide  radicals,  nitric  oxide  or  peroxynitrite  can  free  GAPDH  from  AU-RNA  to  facilitate 
apoptosis,  5)  excess  freed  GAPDH  enters  the  nucleus  and  binds  to  DNA-associated  proteins;  6)  the 
nuclear  GAPDH  serves  to  blocks  the  transcriptional  event  necessary  for  intrinsic  neuroprotection  but  not 
apoptosis  itself  which  depends  on  constitutive  proteins;  7)  the  transcriptional  blockade  requires  GAPDH  to 
be  in  a  tetrameric  form;  and  8)  agents  like  DES  or  CGP3466,  which  tend  to  maintain  GAPDH  as  a  dimer, 
reduce  the  blockade  of  intrinsic  neuroprotection  by  GAPDH. 

Review  of  Hypotheses 

al.  A  decrease  in  A4V,  and  opening  of  the  PTP  is  a  critical  event  in  a  number  of  forms  of  toxic  neuronal 
apoptosis  and  neuronal  death  in  PD. 

a2.  GAPDH  upregulation  and  nuclear  translocation  is  a  major  factor  in  the  progression  of  toxic  neuronal 
apoptosis  and  neuronal  apoptosis  in  PD. 

a3.  GAPDH  facilitates  toxic  neuronal  apoptosis  by  blocking  transcriptional  events  necessary  for  the 
induction  of  a  damage  activated  intrinsic  neuroprotective  program  of  new  protein  synthesis  that  includes  a 
maintenance  of  BCL-2  levels  and  a  decrease  in  BAX  with  a  resultant  maintenance  of  A  TV,  and  PTP  closure. 
a4.  PTP  opening  during  the  effector  phase  of  toxic  neuronal  apoptosis  results  in  the  release  of  NAD+  from 
mitochondria  which  in  turn  frees  RNA  bound  GAPDH  to  translocate  to  the  nucleus  and  block  the 
transcriptional  events  necessary  for  the  damage  activated  intrinsic  neuroprotective  program  which  accounts 
for  the  facilitation  of  toxic  neuronal  apoptosis  by  GAPDH. 

c.  Progress  in  Technical  Objectives 

bl  Determine  which  forms  of  toxic  apoptosis  involve  GAPDH  and  do  they  also  involve  a  decrease  in  A  TV, 
and  PTP  opening? 

b2.  Determine  whether  GAPDH  overexpression  induces  apoptosis  in  neuronally  differentiated  PCI  2  cells 
and  3T3  fibroblasts,  whether  (-)-desmethyldeprenyl  and  related  compounds  block  or  reduce  any  apoptosis 
facilitation  by  GAPDH  overexpression  and  whether  the  tetrameric  form  of  GAPDH  is  essential  for  toxic 
apoptosis  induction. 

b3.  Determine  whether  increased  GAPDH  is  sufficient  by  itself  to  facilitate  toxic  apoptosis  and  whether 
NAD*  released  by  opening  of  the  PTP  frees  GAPDH  from  cytosolic  RNA  binding  sites  for  nuclear 
translocation  and  apoptosis  facilitation  .  -  We  have  shown  that  the  controlled  increase  in  expression  of 
GAPDH  through  a  tetracycline  responsive  expression  system  leads  to  the  immediate  death  approximately 
40%  of  otherwise  uncompromised  neuronally  differentiated  PCI 2  cells.  Further  to  this  observation  is  that 
the  surviving  GAPDH  expressing  cells  become  increasingly  vulnerable  to  toxic  insult  by  rotenone,  trophic 
withdrawal  or  H202  treatment. 

b4.  Determine  whether  GAPDH  induces  changes  in  transcription  and  /or  translation  that  are  appropriate  for 
blockade  of  an  intrinsic  neuroprotection  program  of  new  protein  synthesis  activated  by  cell  damage. 

Methods 

Specific  Methods 

Determine  which  forms  of  toxic  apoptosis  involve  GAPDH  and  do  they  involve  a  decrease  in  A'FW 
and  PTP  opening? 

Rationale  -  We  have  show  that  early  GAPDH  upregulation  and  dense  nuclear  translocation  is  a  feature  of 
apoptosis  induced  in  neuronally  differentiated  PC  12  cells  by  trophic  withdrawal  and  have  preliminary 
evidence  for  GAPDH  involvement  in  apoptosis  caused  by  H202  (a  pro-oxidant)  and  MPP*  (a  mitochondrial 
complex  l/a-ketoglutarate  toxin)  exposure  and  idiopathic  PD.  We  have  developed  a  number  of  other  toxic 
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apoptosis  models  in  neuronally  differentiated  PCI  2  cells  including  staurosporine-,  calcimycin-,  glutamate-, 
kainic  acid-,  dopamine-,  manganese  chloride-  and  TNFa-induced  apoptosis.  Those  toxins  involve  a  number 
of  different  initiation  signaling  pathways.  We  also  have  models  that  involve  direct  mitochondrial  toxins  that 
act  on  different  mitochondrial  elements  such  as  atractyloside  that  induces  PTP  opening;  FCCP,  antimycin  A, 
and  dinitrophenol  that  cause  permeability  of  mitochondrial  membranes;  rotenone,  3-nitroproprionic  acid  and 
cyanide  that  inhibit  complexes  I,  II  and  III  respectively.  We  propose  to  determine  which,  if  any,  of  the  above 
models  involve  GAPDH  upregulation/translocation  and  whether  GAPDH  association  only  occurs  in  apoptosis 
that  involves  a  decrease  in  A'Fm  and  PTP  opening.  We  also  propose  to  examine  GAPDH  association  of 
apoptosis  induced  by  the  above  toxins  in  primary  cultures  of  mesencephalic  embryonic  dopaminergic 
neurons  and  cerebellar  granule  cells. 

Research  Plan  -  We  have  determined  the  optimal  concentration  of  all  of  the  above  toxins  for  induction  of 
apoptosis  in  the  neuronally-differentiated  PCI  2  cells  (for  example  calcimycin  50  pM,  atractyloside  5  mM, 
MnCI2  300  mM,  staurosporine  1 .0  pM). 

Nuclear  Translocation  of  GAPDH-GFP  Fusion  Protein.  We  have  examined  PCI  2  cells  that  have 
been  stabley  transfected  with  the  gene  construct  for  GAPDH-GFP  fusion  protein  (see  above)  to  determine 
the  identity  of  some  toxins  which  induce  GAPDH  dense  nuclear  translocation  and  determined  the  time 
course  of  the  nuclear  translocation.  The  cells  were  grown  on  50  mm  coverslips,  maintained  in  our 
environmentally  controlled  chamber  and  imaged  as  live  cells  on  the  CLSM.  We  followed  the  time  course  of 
changes  in  ATM  using  JC-1  (resulting  publication  is  in  preparation  for  submission).  Calcimycin,  atractyloside 
and  MnCI2  treatment  of  these  neuronally  differentiated  PCI  2  cells  resulted  in  a  decrease  in  a'Tm  prior  to 
nuclear  signs  of  apoptosis  however,  apoptosis  induced  with  staurosporine  does  not  show  a  similar 
involvement. 

Nuclear  Translocation  of  GAPDH  Immunoreactivity.  Parallel  experiments  will  examine  neuronally 
differentiated  PC12  cells  for  nuclear  translocation  of  GAPDH  immunoreactivity  at  time  points  of  0.5,  1.0, 
2.0,  3.0,  6.0,  12  and  24  hours  after  the  initiation  of  toxic  exposure.  Western  blots  will  be  prepared  for  whole 
cell  protein  and  for  the  nuclear,  mitochondrial  and  cytosolic  protein  fractions  at  the  same  time  points.  The 
cells  for  immunocytochemistry  will  be  exposed  to  CMTMR  for  10  minutes  for  each  of  the  time  points  in  order 
to  determine  the  temporal  relationships  between  any  GAPDH  nuclear  translocation  and  changes  in  ATM  . 
We  have  extensive  experience  in  examining  cells  simultaneously  reacted  for  NCC  with  YOYO-1, 
immunostained  for  GAPDH  and  incubated  with  CMTMR  for  ATM  and  determining  the  relative  time  courses 
for  each  of  the  apoptosis  associated  events. 

We  have  also  utilized  a  CLSM  method  for  directly  visualizing  PTP  opening  in  living  cells.  The  method 
depends  on  the  fact  that  calcein  AM  fluoresces  in  the  cytosol  but  does  not  enter  mitochondria  if  the  PTP  is 
closed.  In  contrast,  rhodamine  derivatives  such  as  TMRE  concentrate  in  mitochondrial.  Accordingly,  green 
fluorescing  calcein  is  seen  in  the  cytosol  but  not  in  mitochondria  which  appear  as  holes.  TMRE  fluoresces 
red  in  mitochondria  and  is  entirely  separate  from  calcein  AM  fluorescence,  if  the  PTPs  of  a  given 
mitochondrion  are  closed.  PTP  opening  results  in  mitochondrial  co-localization  of  calcein  AM  and  TMRE 
fluorescence,  since  calcein  enters  the  mitochondrial  matrix  through  an  open  PTP.  We  will  examine  the 
temporal  relationships  between  PTP  opening,  decreases  in  A'I'm  ,  intramitochondrial  Ca2*  levels  and 
cytosolic  peroxyl  levels  in  living  cells  for  the  above  toxins. 

In  order  to  determine  whether  the  toxic  agents  mediate  any  GAPDH  and  A^M  related  changes  in  cells 
other  than  neuronally  differentiated  PCI 2  cells,  we  will  carry  out  similar  experiments  to  those  above  in 
primary  cultures  of  rat  mesencephalic  embryonic  dopaminergic  neurons  and  cerebellar  granule  cells.  R. 
Chalmers-Redman  has  extensive  experience  with  mesencephalic  embryonic  dopaminergic  neurons.  She 
has  also  perfected  culture  methods  for  cerebellar  granule  cells  taken  from  5  day  postnatal  rats  based  on  the 
methods  described. 

Finally,  similar  experiments  will  be  carried  out  on  cutaneous  fibroblasts  cultured  from  PD  patients  and 
age-matched  controls  (see  above).  We  have  acquired  and  passaged  fibroblasts  for  more  than  20  PD  and 
age-matched  control  patients.  The  experiments  are  designed  to  determine  whether  GAPDH  plays  a  role  in 
toxic  apoptosis  in  the  PD  fibroblasts  with  or  without  the  constitutive  decrease  in  A'Fm  that  we  have  found  for 
the  cells.  We  will  determine  whether  the  relationship  between  toxin  concentration  and  the  induction  of 
apoptosis  is  the  same  or  different  for  the  PD  fibroblasts  and  age-matched  fibroblasts.  It  has  been  suggested 
that  PD  neurons  are  abnormally  sensitive  to  toxic  exposure. 

We  will  determine  whether  DES  and  related  compounds  reduce  the  different  forms  of  toxic  apoptosis 
examined.  We  will  determine  whether  any  anti-apoptotic  action  of  DES  and  related  compounds  correlates 
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with  a  maintenance  of  A*Fm,  PTP  closure,  and  a  reduction  of  GAPDH  upregulation  and  nuclear  translocation. 

Determine  whether  GAPDH  overexpression  induces  apoptosis  in  neuronally  differentiated  PC12 
cells  and  3T3  fibroblasts ,  whether  (-)-desmethyldeprenyl  and  related  compounds  block  or  reduce 
any  apoptosis  facilitation  by  GAPDH  overexpression  and  whether  the  terameric  form  of  GAPDH  is 
essential  for  apoptosis  induction. 

Rationale  -GAPDH  levels  have  been  shown  to  increase  in  nerve  cells  entering  apoptosis  and  it  has  been 
shown  that  antisense  oligonucleotides  against  GAPDH  reduce  neuronal  apoptosis  but  the  effect  of 
increased  GAPDH  expression  on  apoptosis  has  not  been  determined.  GAPDH  induction  of  apoptosis  seems 
to  be  dependent  on  nuclear  translocation  but  it  may  also  result  in  part  from  increased  new  synthesis  of  the 
protein.  DES  and  CGP3466  reduce  apoptosis  and  convert  GAPDH  from  a  tertramer  to  dimer  in  the  test 
tube.  We  will  mutate  GAPDH  so  that  it  cannot  form  a  tertramer  and  determine  if  overexpression  of  the  wild 
form  and  mutant  forms  induce  apoptosis. 

Research  Plan. 

Variable  GAPDH  Overexpression  -  We  over-expressed  the  gene  for  GAPDH  using  a  system  that 
allows  variable  expression  of  the  gene  and  therefore  variably  increased  levels  of  the  protein.  We  determined 
that  the  newly  synthesized  GAPDH  induces  apoptosis  in  the  cells  in  the  absence  of  other  stressors  and  that 
the  GAPDH  overexpression  alters  the  cells'  vulnerability  to  other  damage  that  induces  apoptosis.  The 
expression  system  also  allowed  us  to  determine  the  time  course  of  any  apoptosis-related  changes  that  are 
induced  by  GAPDH  over-expression  and  to  evaluate  that  time  course  with  regard  to  other  apoptotic  events 
like  decreased  a^m  or  nuclear  DMA  cleavage  and  the  results  are  published  in  NeuroReport. 

PCI 2  cells  have  been  transfected  with  the  rat  brain  GAPDH  cDNA  that  was  cloned  by  this  group  using 
the  Tet-Off  system.  Similar  transfection  will  be  produced  in  3T3  fibroblasts.  PC12  cells  that  have  been 
maintained  in  serum  without  NGF  or  PCI 2  cells  that  have  been  neuronally  differentiated  by  NGF  and  serum 
have  been  examined.  3T3  fibroblasts  will  be  similarly  examined.  The  extent  and  time  course  of  apoptosis 
induced  by  varying  levels  of  GAPDH  over-expression  has  been  determined.  Immunocytochemistry  will  be 
employed  at  various  times  after  the  onset  of  GAPDH  over-expression  to  determine  if  any  apoptosis  is 
associated  with  GAPDH  nuclear  translocation,  changes  in  ATm,  alterations  in  the  levels  or  subcellular 
localization  of  other  apoptosis-related  proteins  (particularly  BCL-2  and  the  superoxide  dismutases  which 
have  been  shown  to  participate  in  an  intrinsic  neuroprotective  program  that  may  be  opposed  in  GAPDH  - 
induced  apoptosis).  RT-PCR  and  in  situ  hybridization  will  be  utilized  to  determine  whether  nay  changes  in 
apoptosis-related  or  intrinsic  neuroprotective  proteins  are  mediated  through  corresponding  changes  in  gene 
expression. 

Mutational  Studies  Of  GAPDH  In  Apoptosis  Facilitation  -The  three  dimensional  structures  of  GAPDH 
from  several  organisms  have  been  determined  and  are  in  the  Brookhaven  data  base  (PDB).  The  three 
dimensional  structures  are  highly  conserved.  We  have  taken  the  GAPDH  from  the  I.  mexicana  as  the  crystal 
structure.  The  sequence  for  the  rat  GAPDH  was  built  onto  this  structure  of  GAPDH  using  family  sequence 
alignments  from  CLUSTAL  and  the  molecular  modeling  software  INSIGHT  (Biosymm).  We  are  using  this 
model  of  GAPDH  to  design  mutations  for  transfection  studies  into  PC  12  cells. 

We  wish  to  design  mutants  that  will  disrupt  the  tetramer  without  unfolding  the  monomer.  Mutant 
GAPDH  will  be  overexpressed  in  E.  coli  using  the  GST  fusion  protein  system.  The  GAPDH-GST  fusion 
protein  will  be  purified  using  glutathione  affinity  chromatography  and  the  GAPDH  will  be  freed  from  the  GST 
by  thrombin  cleavage.  Protein  overproduction  and  purification  will  be  carried  out  using  standard  protocols. 
Biophysical  characterization  will  be  carried  out  to  show  that  the  monomer  is  unaffected.  Such  studies 
include  circular  dichroism  to  measure  both  secondary  and  tertiary  structure  to  ensure  that  mutations  did  not 
affect  folding  of  the  monomers.  Also,  fluorescence  studies  will  indicate  if  there  are  significant  alterations  in 
the  hydrophobic  core  of  GAPDH.  It  is  unlikely  that  there  is  substantial  change  in  the  conformation  of  each 
monomer  upon  tetramerization  so  CD  and  fluorescence  would  be  valid  indicators  of  ability  for  monomers  to 
correctly  fold  in  the  absence  of  subsequent  quartenary  structure  formation.  Any  changes  due  to 
tetramerization  will  be  determined  by  carrying  out  CD  and  fluorescence  studies  with  wild  type  protein  in 
conditions  known  to  favor  the  monomer  or  the  tetramer. 

In  order  to  avoid  disruption  of  the  monomer  structure,  mutations  will  focus  on  the  surface  of  the 
monomer,  leaving  internal  residues,  which  may  be  important  to  the  stability  of  the  monomer  untouched.  The 
surface  residues  involved  in  making  contacts  with  other  subunits  in  the  tetramer  will  be  targeted  for 
mutation.  Where  possible,  at  inter-monomer  contact  points  within  the  tetramer  large  bulky  residues  will  be 
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placed  for  the  most  effective  disruption  of  contracts  needed  to  form  the  tetramer.  It  is  expected  that  multiple 
mutations  will  be  required  to  disrupt  the  tetramer.  We  have  used  molecular  modeling  techniques  to 
determine  the  best  candidate  residues  for  mutation.  Initially  all  of  the  below  listed  mutations  will  be 
constructed  resulting  in  a  GAPDH  protein  with  six  point  mutations.  However,  mutations  will  be  made  in  a 
serial  fashion,  where  after  each  step  the  ability  of  the  mutant  protein  to  properly  fold  will  be  assessed.  PCR 
stitch  will  be  used  to  generate  mutations  as  one  of  us  (K.  Borden)  has  done  previously.  Mutants  will  be 
sequenced  to  confirm  the  mutation  and  to  determine  that  no  spurious  mutations  arose  during  PCR.  To 
assess  if  mutations  were  effective  at  disrupting  the  tetramer,  size  exclusion  chromatography  will  be  carried 
out  as  we  described  above. 


Mutation 


Val  279  to  Arg 
Met  43  to  Lys 

Ala  200  to  Lys 

lie  203  to  Asp 

Phe  230  to  Asp 
lie  304  to  Arg 


Strategy 


Val279  is  near  to  an  Arg  from  the  neighboring  subunit  so  this  mutation  should 
cause  electrostatic  repulsion 

M43  is  close  packed  to  a  glycine  residue  from  the  neighboring  subunit  so  the 
hydrophobic  surface  from  the  subunit  should  repel  the  charge  of  the  Lys  and 
the  long  chain  of  the  lysine  should  interfere  with  the  close  packing 
Ala  200  interacts  with  Ala200  on  the  adjacent  subunit.  Mutating  to  a  charged 
residue  should  act  similarly  as  above.  The  long  side-chain  of  the  lys  should 
cause  steric  interaction  as  well. 

Mutation  to  a  charged  residue  should  disrupt  hydrophobic  contacts  between 

subunits 

same  as  above 

Mutation  to  the  positive  Arg  residue  should  repel  a  nearby  Arg  from  the 
adjacent  residue 


The  mutated  dimeric  only  GAPDH  will  then  be  transfected  into  PC12  celts  as  above  and  the  findings 
compared  to  those  for  the  wild  type  overexpression.  This  portion  of  the  project  is  in  progress. 

Use  Of  A  Neuronal  Rather  than  Xenopus  Cell  Free  System  To  Examine  The  Role  Of  NAD*  And 
GAPDH  In  Apoptosis 

Rationale  -  In  order  to  create  a  more  reflective  cell  free  system  model  of  neuronal  apoptosis,  we  have 
instead  of  examining  a  cell  free  system  derived  from  Xenopus,  we  have  developed  a  system  derived  from 
PCI 2  and  liver  origin.  Nuclear  and  cytoplasmic  components  of  the  cell  free  system  are  obtained  from 
neuronally  differentiated  PC  12  cultures  while  the  mitochondrial  component  is  obtained  from  differential 
centrifugation  of  fresh  rat  liver. 

Experimental  Plan 

We  will  be  able  to  add  varying  amounts  of  GAPDH,  with  or  without  GAPDH  antibodies,  to  the  PCI 2 
cell  free  system.  This  system  is  maintained  in  low  melting  point  agar  on  glass  slides  or  on  25mm  coverslips 
in  our  environmentally  controlled  chamber  placed  on  the  CLSM.  The  oocyte  nuclei  will  assayed  for  nuclear 
chromatin  condensation  (NCC)  using  YOYO-1  as  an  indicator  of  apoptotic  nuclear  degradation.  a'Fm. 
intramitochondrial  Ca2‘  and  peroxyl  radical  levels  will  be  measures  using  JC-1 ,  Rhod-2AM  and  DCF  as 
above.  At  the  conclusion  of  the  measurements,  the  coverslips  will  be  fixed  in  paraformaldehyde  for  GAPDH 
immunocytochemistry. 

A  series  of  experiments  will  be  carried  out  to  determine  if  added  GAPDH  facilitates  apoptosis 
induced  in  the  oocyte  system  by  the  toxins  presented  above.  Similar  experiments  will  be  carried  out  with  the 
addition  of  variable  amounts  of  NAD*  or  NADH.  We  will  determine  whether  NAD*  frees  GAPDH  from  RNA 
binding  sites  and  causes  the  protein  to  translocate  to  the  PCI 2  nucleus.  Graded  NAD*  addition  will  allow  us 
to  determine  whether  the  concentrations  of  NAD+  are  within  the  range  possible  after  PTP  opening.  The 
calcein  AM/TMRE  techniques  described  above  will  used  to  follow  PTP  opening  after  GAPDH  or  NAD* 
addition. 


Determine  Whether  GAPDH  Alters  The  Transcription  And/Or  Translation  Of  Specific  Subsets  of 
Genes  And/Or  Their  mRNAs 

Rationale  We  will  use  commercially  available  TNT  Coupled  Reticulocyte  Lysate  Systems  to 
determine  the  effect  of  GAPDH  on  the  transcription  and  translation  of  specific  pro-apoptotic  (e.g.  c-JUN, 
BAX)  and  anti-apoptotic  (e.g.  BCL-2,  BCL-Xl,  SOD1)  proteins.  The  systems  offer  the  advantage  of  studying 
transcriptional  and  translational  events  in  a  single  tube  or  in  the  above  cell  free  system  as  a  one  step 
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HPL°^Str,b°die!  and  °‘her  large  molecules  can  interact  freely  with  the  system  components  without 
D. . .  ^  ross  membranes  present  with  intact  cells.  The  lysate  system  includes  all  of  the  protein  and 
kna  components  necessary  for  translation  including  hammerhead  ribozymes.  a  co-enzyme  for  the 
translational  activity  of  GAPDH.  ’ 

Research  Plan  DNA  constructs  of  apoptosis-related  genes  with  attached  T3  or  T7  promoter 
sequences  are  incubated  with  the  lysate  system  for  1-2  hours  and  the  resultant  protein  product  analyzed  by 
bDS  gel  electrophoresis  and  autoradiography.  We  have  the  advantage  of  having  recently  acquired  a 
phospho  imager  in  a  cooperative  purchase  with  the  Department  of  Neurobiology  at  the  Sinai  School  of 
Medicine.  The  imager  is  located  on  the  same  floor  as  the  investigators  involved  in  this  proposal  and  will 
greatly  accelerate  the  progress  of  these  studies. 


in  these  experiments,  we  will  use  antibodies  against  GAPDH  to  render  any  intrinsic  GAPDH  in  the 
lysate  inaGtive.  Varyjng  amounts  of  GAPDH  will  then  be  added  to  the  lysate  in  a  controlled  manner.  In  the 
test  tube  expenments,  DNA  constructs  coding  for  specific  pro-apoptotic  and  anti-apoptotic  proteins  will  be 
used  to  determine  if  GAPDH  influences  the  synthesis  of  each  of  the  proteins.  Varying  levels  of  pro-oxidants, 
nitric  oxide  or  NAD  will  be  added  to  determine  how  the  freeing  of  GAPDH  from  AU  rich  RNA  influences  the 
synthesis.  Other  experiments  will  vary  the  concentration  of  AU  rich  RNA  in  the  GAPDH-lysate  mixture. 
Controls  for  changes  in  transcriptional  activity  will  be  assayed  with  the  RipoProbe  Transcription  system 
(Promega). 

GAPDH  may  to  some  degree  bind  DNA  or  to  DNA  associated  proteins  as  our  preliminary  results 
from  histological  co-localization  and  chromatography  studies  indicate.  Thus,  GAPDH  may  play  a  role  in 
transcriptional  events  in  vivo  or  in  vitro  if  the  protein  can  translocate  to  the  nucleus.  So,  the  experiments 
outlined  above  will  be  repeated  with  this  transcriptional  system. 

In  subsequent  experiments,  anti-apoptotic  agents  like  DES  will  be  added  to  the  system  with  varying 
amounts  of  GAPDH  to  determine  whether  DES  alters  the  transcriptional  or  translational  events  modified  by 
GAPDH.  If  no  GAPDH  is  required  for  DES  to  induce  transcriptional  and/or  translational  changes,  it  will 
invalidate  GAPDH  as  a  mediator  of  the  changes  in  protein  synthesis  induced  by  DES  or  other  agents. 
Alternately,  use  of  the  systems  should  allow  complete  identification  of  elements  involved  in  GAPDH  induced 
apoptosis  or  that  induced  by  other  proteins.  Size  exclusion  chromatography  will  be  used  to  determine  the 
proportion  of  GAPDH  that  is  in  a  dimer  form  versus  that  in  a  tetrameric  form  after  the  different  treatments 
(see  details  above). 


The  lysate  systems  will  also  be  used  with  the  cell  free  systems  described  above.  Nuclei  with  and 
without  mitochondria  will  be  added  to  the  GAPDH-lysate  mixtures  to  determine  if  mitochondrial  factors 
influence  any  transcriptional  or  translational  actions  of  GAPDH.  The  systems  will  be  exposed  to 
mitochondria  treated  with  5  mM  atractyloside  to  open  the  PTP  and  allow  putative  AIFs  to  influence 
transcription  and  translation.  Control  mitochondria  will  be  treated  with  cyclosporin  A  to  insure  PTP  closure. 
NAD*  levels  will  be  measured  in  the  systems  after  the  addition  of  atractyloside  (which  opens  the  PTP) 
treated  and  control  mitochondria.  As  described  above,  anti-GAPDH  antibodies  will  be  used  to  determine  if 
mitochondrially-released  factors  and/or  NAD*  require  GAPDH  to  mediate  apoptosis. 


To  date,  the  experiments  proposed  in  the  original  grant  proposal  are  approximately  40%  completed.  Minor 
technical  revisions  to  the  original  protocol  have  been  described  although  there  are  no  changes  to  the  overall 
experiments. 
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BODY  OF  WORK 


Background  To  Statement  of  Work 

Similarities  And  Differences  Between  PD  And  MPTP  Parkinsonism.  Sporadic  PD  is 
characterized  by  CAergic  neuronal  loss,  including  melanin-containing,  dopaminergic  neurons  (DAns)  in 
the  substantia  nigra  (SNc)  and  noradrenergic  neurons  in  the  locus  coeruleus  (LC).  The  Pf thob'°‘°9y  of 
the  initiation  and  progression  of  PD  remains  uncertain  (see  [1]  fora  review).  Stereological  counting  has 
shown  that  SNc  melanin-containing  DAns  are  decreased  by  60%  or  more  before  PD  becomes  clinically 

MPtp  kills  SNc  DAns  in  non-human  primates  [4-6]  as  well  as  other  CAergic  neurons  [7-10]  with 
a  similar  but  not  identical,  regional  distribution  to  human  PD  [1 1].  MPTP  does  not  induce  neuronal  ceN 
body  protein  aggregations  similar  to  the  Lewy  bodies  found  in  PD.  Lewy  bod'esarea  key-identifying 
feature  of  PD  and  contain  a  variety  of  proteins  including  ubiquitin,  a-synuclein  and  GAPDH  [12-14J. 

Decreased  mtRCxI  Activity  In  PD  And  MPTP  Parkinsonism.  Examination  of  homogenates 
from  PD  postmortem  SNc  revealed  decreases  of  20  to  40%  in  mtRCx  I  activity  wif  outcf'^'armat^ 
decreases  for  complex  II,  III  or  IV  [15-19],  Western  blots  and  immunocytochemistry  using  a  mtRCx  I 
antibody  revealed  decreased  immunoreaction  for  PD  SNc  [15,  18,  20,  21],  possibly  suggesting  a 

deficiency  of  mtRCx  I  protein(s).  + 

MPTP  is  converted  to  MPP+  in  astroglia  by  MAO-B  [22,  23],  MPP  selectively  accumulates  in 
CAergic  neurons  by  the  plasma  membrane  dopamine  transporter  (DAT)  [24,  251  Inside .  ^er|'C 
neurons  MPP*  undergoes  high  affinity  uptake  by  the  vesicular  monoamine  transporter  (VMAT2)  [26- 
28]  Tt  binds  less  avidly  to  mtRCxl,  where  it  inhibits  NADH  dehydrogenase  [29-31],  The  majonty  of 
MPP*  appears  to  reside  in  CAergic  vesicles  rather  than  mitochondna  [32],  Imaging  studies  have  shown 
that  ROS  production  caused  by  MPP*  treatment  of  cultured  DAns  can  results  from  vesicular  release  of 
famine  SX7SSS.  mtRCx  .inhibition  [33,  34],  Studies  in  nigrai  slices  [35]  and  those  in  marmosets 
have  similarly  suggested  that  mtRCx  I  inhibition  does  not  contnbute  to  the  pathoogy  induced  byM 
[36]  In  further  support  of  the  predominant  role  for  vesicular  dopamine  release,  VMAT2  overexpressing 
S  maintain  dopamine  in  vesicles  and  resist  MPP*  [37,  38],  M  mice  are 

susceptible  to  MPP*  [39,  40],  Accordingly,  the  selective  involvement  of  CAergic  neurons  in  MPTP 
SZ^m  may  result  primarily  from  MPP*  uptake  by  the  DAT  and  not  from  MPP*  inhibit, on  of  mtRCx 

I  [34], 

Neuronal  Loss  By  Apoptosis  In  PD.  Neuronal  death  can  be  broadly  divided  into  two 
processes  necrosis  and  apoptosis.  Morphologically,  necrosis  involves  rapidly .progressive  o ellul 
rtisruDtion  marked  by  cell  swelling,  organelle  disintegration,  plasma  membrane  fracture  and 
cvtoolasmic  extrusion  *  In  contrast,  apoptosis  proceeds  more  slowly  and  involves  cellular  degradation 
rather  than  disruption  Apoptotic  degradation  features  ceil  shrinkage,  plasma  membrane  blebbing, 
rujctear^chromatin^condensation,  nuclear  DNA  fragmentation,  maintenance  of  plasma  membrane 
integrity  but  a  loss  of  phospholipid  asymmetry,  cytoskeletal  digestion,  and  the  formation  of  membrane 
wrapped  cytoplasmic  and  nuclear  bodies.  The  degradation  avoids  the  spilling  of  cytoplasmic  contents 
intolhe  extracellular  space  and  primes  cells  for  macrophage  ingestion,  thus  prevent, ng  .mmune 

responses^that  mjure^nejgh^  deg9radat|Qn  have  changec|  relatively  little  since  the  original  descriptions 

thirty  years  ago  [41  42],  The  degradation  shows  some  variation  in  morphology  from  one  form  °f 
apoptosisto  another  but  Is  largely  Fndependen,  of  cell  type  and  the  insult  that  Mates 
Although  the  degradation  can  be  used  to  recognize  apoptosis,  it  does  not  define  the  numerous 
sianalina  pathways  which  set  the  stage  for  degradation  and  can  differ  markedly  from  one  form  of 
apoptosis  Pfrom  another.  Over  the  last  several  years  a  myriad  of  molecules  have  been  shown  to 
operate  within  specific  subceliular  decisional  networks  that  can  be  either  pro-  or  anti-apoptotic  (see  [44] 
for  a  detailed  and  exciting  review  of  organelle  based  signaling  molecules  in  apoptosis)  .  ty 
cysteine  proteases  (caspases)  and  molecules  that  induce  or  prevent  increases  in  mitochondnal 
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membrane  permeability  function  as  the  critical  arbiters  or  integrators  in  apoptosis  -  they  signal  whether 

to  degrade  or  not  to  degrade.  ........  ,icr,  > 

Is  apoptosis  involved  in  the  neuronal  loss  found  in  PD?  The  use  of  in  situ  end  labeling  (IScL), 

also  termed  as  TdT  dUTP  nick  end  labeling  (TUNEL),  provided  the  initial  means  to  recognize  apoptotic 
nuclear  DNA  cleavage  in  neurons  in  PD  postmortem  brain  but  its  use  also  engendered  five  years  of 
controversy.  Evidence  for  neuronal  apoptosis  in  PD  postmortem  brain  initially  depended  on  nuclear 
DNA  cleavage  shown  with  ISEL  [45],  which  appeared  consistent  with  the  subsequent  finding  of  nuclear 
ultrastructural  changes  typical  of  apoptosis  with  electron  microscopy  [46].  But  ISEL  also  seemed  to 
rule  against  neuronal  apoptosis  in  PD  by  the  findings  of :  1)  similar  numbers  of  ISEL  positive  nuclei  in 
PD  brain  relative  to  controls  [47];  2)  ISEL  positive  nuclei  in  glia  rather  than  neurons  [48];  and  3)  large 
numbers  of  ISEL  positive  nuclei  in  control  brains  [49]. 

The  conflicting  evidence  likely  resulted  from  technical  problems  with  the  terminal  transferase 
(TdT)  used  in  ISEL  (see  [50]  for  details).  TdT  can  label  both  single  strand  and  double  strand  DNA 
breaks  and  can  label  nuclei  in  necrotic  cells  as  well  as  apoptotic  cells  [51].  Depending  on  tissue 
preparation  and  ion  concentrations,  it  can  provide  either  false  negatives  or  false  positives  and  therefore 

cannot  be  used  reliably  to  identify  apoptotic  cells. 

Part  of  the  interpretive  difficulties  were  overcome  by  the  application  of  dual  labeling  techniques 
that  allowed  for  the  simultaneous  demonstration  of  DNA  cleavage  and  chromatin  condensation  in  the 
same  nucleus.  Nuclear  DNA  cleavage  and  chromatin  condensation  are  mediated  by  different  signaling 
events  [52,  53].  Chromatin  condensation  can  be  readily  visualized  with  fluorescent  DNA  binding  dyes  ( 
see  [54,  55]  for  our  use  of  the  dyes).  The  joint  use  of  fluorescence  ISEL  and  fluorescent  DNA  binding 
dyes  allows  for  the  demonstration  of  nuclear  DNA  fragmentation  and  chromatin  condensation  in  the 
same  nucleus  [14,  50,  56],  If  both  are  present  in  the  same  nucleus,  it  is  virtually  certain  that  the  nucleus 
is  undergoing  apoptotic  degradation.  The  joint  labeling  did  not  reveal  high  levels  of  apoptotic 
degradation  in  control  brains  or  in  glia  in  PD  brains  found  with  ISEL  alone.  It  did  show  apoptotic 
degradation  in  a  proportion  of  nigral  neuromelanin  containing  neurons  that  seemed  consistent  with 
rates  of  loss  of  the  neurons  found  in  PD  [14],  The  number  of  neuromelanin-containing  neurons  in  the 
PD  SNc  containing  nuclei,  which  were  both  ISEL  positive  and  chromatin  condensation  positive  were 
about  300  times  as  frequent  as  those  in  the  age-matched  controls  [14,  56]. 

Further  conclusive  evidence  for  apoptosis  in  PD  was  provided  by  two  independent  groups  at  about 
the  same  time.  They  demonstrated  increased  neuronal  levels  of  activated  caspase  3,  the  so  called 
executioner  caspase,  in  PD  postmortem  nigra  [14,  57],  Caspase  3  is  a  key  apoptosis  signaling  protein 
and  is  only  found  in  apoptotic  cells  [43],  Other  key  pro-apoptotic  signaling  proteins  have  also  been 
demonstrated  in  PD  nigral  neurons  including  Bax  [58,14],  caspase  8  [59],  p53  [60],  Fas  and  FasL  [61, 
62]  and  the  dense  nuclear  accumulation  of  GAPDH  [14],  Together  these  findings  strongly  support  he 
view  that  apoptosis  contributes  to  neuronal  loss  in  PD  and  open  the  door  to  studies  that  fully  define  the 
apoptosis  signaling  pathways  in  PD.  A  complete  understanding  of  the  signaling  pathways  may  provide 
insights  into  the  cellular  insults  or  defects  that  initiate  the  disease.  Defining  the  signaling  pathways  may 
also  offer  new  therapeutic  approaches  in  PD  since  apoptosis-based  therapies  for  a  variety  of  diseases, 
including  CGP3466  in  PD  (see  below),  are  now  in  clinical  trial  (see  [63]  for  a  recent  review). 

Rotenone  As  A  Potential  Model  Of  Decreased  mtRCx  I  Activity  In  PD.  Rotenone,  a 
pesticide  which  occurs  naturally  in  plants  like  thistles,  specifically  and  potently  reduces  mtRCx  I  activity 
by  inhibiting  NADH  dehydrogenase  [64],  Animals  that  ingest  plants  containing  rotenone  can  develop  a 
nigropallidai,  PD-like  neurodegenerative  condition  [65]  and  epidemiological  studies  have  implicated 
pesticides  like  rotenone  in  the  increasing  incidence  of  PD  [66-68].  Rotenone  is  highly  lipophilic  so  that 
it  might  be  expected  to  cause  a  generalized  decrease  in  mtRCx  I  activity  that  would  not  selectively 

damage  or  kill  CAergic  neurons  and  thereby  mimic  PD. 

Injections  of  rotenone  into  the  rat  medial  forebrain  bundle,  which  carries  the  axons  of  SNc  DAns 
projecting  to  the  striatum,  resulted  in  a  depletion  of  striatal  dopamine  and  dopamine  metabolites, 
possibly  as  a  result  of  selective  dopaminergic  axonal  damage  by  rotenone  [69].  Acute  or  subacute 
intravenous  delivery  of  high  rotenone  dosages  (14  -  24  mg/kg/day)  to  rats  caused  loss  of  neurons  in  the 
striatum  and  the  globus  pallidus,  but  not  in  the  SNc  [70],  The  striatal  damage  involved  focal  regions  of 
astrogliosis  shown  by  increased  glial  fibrillary  acidic  protein  (GFAP)  immunoreaction  with  preservation 
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of  GABA-ergic  neurons,  which  form  the  majority  of  striatal  neurons.  Acute  or  subacute  intravenous 
delivery  of  rotenone  (5-15  mg/kg)  to  mice  produced  transient  increases  in  striatal  dopamine  metabolites 
without  altering  dopamine  levels  [71],  which  suggested  increased  dopamine  turnover  without  DAergic 
terminal  loss.  The  subchronic  intravenous  administration  of  low  rotenone  doses  (1.5  mg/kg,  3  times 
over  1  week)  to  the  mice  did  not  alter  any  dopamine  indices.  ... 

Rotenone  was  also  intravenously  delivered  to  rats  using  Alzet  osmotic  minipumps  at 
concentrations  of  2  to  3  mg/kg/day  over  7  to  35  days.  Approximately  50%  of  surviving  rats  developed 
PD-like  movement  deficits  together  with  pathological  changes  that  included  loss  of  SNc  DAns  and  SNc 
neuronal  protein  aggregations  with  similarity  to  Lewy  bodies  [72].  The  DAn  loss  was  accompanied  by 
focal  areas  of  decreased  striatal  TH  immunoreactivity,  a  marker  of  DAergic  terminals.  There  was 
preservation  of  GAD  and  acetyl  cholinesterase  immunoreaction  indicating  that  GABA-ergic  and 
cholinergic  neuronal  populations  were  unaffected  by  rotenone.  The  prolonged  low  dose  intravenous 
rotenone  induced  ubiquinated  cell  body  protein  accumulations  in  a  proportion  of  surviving  SNc  DAns. 
The  accumulations  were  a-synuclein  immunopositive  and  shared  features  with  PD  Lewy  bodies. 
Together  with  the  SNc  DAn  loss,  the  Lewy  body-like  accumulations  suggest  that  chronic  rotenone 

treatment  can  mimic  PD  pathology. 


Rotenone  Induces  or  Reduces  Apoptosis.  In  vitro,  acute  rotenone  treatment  has  been 
shown  to  induce  apoptosis  in  a  variety  of  different  cells  in  culture,  including  tumor  cells  [73],  PC12  cells 
[74  75],  myeloid  cells  [76],  lymphoblasts  [7 7],  SK-N-MC  dopaminergic  cell  lines  [75],  HL-60  cells  [64, 
781  AK-5  tumor  cells  [79],  PAJU  human  neuroblastoma  cells  [80],  liver  cells  [81],  human  dopaminergic 
neuron-like  cells  [82],  and  cerebellar  granule  neurons  [83],  In  contrast,  rotenone  has  been  found  to 
reduce  apoptosis  in  models  like  1-0-octadecy!-2-methyl-  rac-glycero-3-phosphocholine  in  p53-defective 
hepatocytes  [84],  glutamate  in  rat  hippocampal  neurons  [85],  hypoxia  in  cardiac  myocytes  [86]  and 
protein  kinase  C  overexpressing  keratinocytes  [87].  In  short,  rotenone  can  either  increase  or  decrease 
apoptosis,  depending  on  cell  type  and  the  insult  that  initiates  the  apoptosis. 


Rotenone  Reduces,  Rather  Than  Increases,  ROS  Generation  In  Vitro.  Imaging  studies  of 
cultured  neurons,  including  DAns  [33,  34]  or  neuron-like  cells  [88]  utilized  dyes  whose  fluorescence 
increases  in  proportion  to  the  concentrations  of  superoxide  or  peroxyl  radicals.  Those  studies  showed 
that  decreased  mtRCx  I  activity  caused  by  rotenone  is  accompanied  by  a  decrease,  rather  than  an 
increase  in  ROS  levels  [33,  88,  89].  Like  those  studies,  we  have  also  found  that  acute  rotenone 
treatment  of  cultured  CAergic  neuron-like  cells  decreases  peroxyl  levels  and  does  not  alter  superoxide 
levels  in  the  somata  of  the  cells  (see  below).  Therefore,  decreased  mtRCxI  activity  may  not  l^u^ 
neuronal  loss  through  ROS  peroxidation  of  macromolecules  which  was  previously  supposed  to  form  the 
basis  for  neuronal  death  caused  by  decreased  mtRCx  I  activity  [90,  91]. 


Rotenone,  Mitochondrial  Membrane  Permeability,  Mitochondrial  Membrane  Potential 
(ATm)  And  The  Mitochondrial  Permeability  Transition  Pore  Complex  (PTPC).  Mitochondria  can 
play  a  role  in  either  apoptotic  or  necrotic  cell  death  [92],  Cytochrome  c,  AIF  and  smaddiablo  are 
constituents  of  the  mitochondrial  intermembrane  space.  Once  released  into  the  cytosol,  c£ochrome  c 
binds  to  Apaf-1  and  leads  to  the  activation  of  caspases,  particularly  caspase  3-  Smacfdiabto 
counteracts  inhibitor  of  apoptosis  proteins  (IAP)  capacity  to  prevent  caspase  activation  [93-95], 

AIF  activates  nuclear  endonucleases  [96,  97].  The  mechanisms  which  increase  permeability  of  the 
outer  mitochondrial  membrane  and  allow  the  release  of  the  three  proteins  are  mcompletely  understood 
Two  processes  have  been  implicated:  1)  the  formation  of  channels  in  the  outer  membrane  and  2) 
mitochondrial  swelling  due  to  opening  of  the  PTPC  causing  outer  membrane  rupture  [98,  99  . 

A  number  of  studies  have  used  cyclosporin  A  (CSA),  N-methyl-4-valme  cydosponn  (N-Val-CSA) 
or  bongkrekic  acid  (BA),  each  of  which  facilitates  PTPC  closure,  to  determine  whether  the  PTPC 
opening  contributes  to  cell  death  caused  by  rotenone.  Studies  using  CSA  in  rotenone  treated  cells 
suggested  that  apoptosis  due  to  mtRCx  I  inhibition  depended  on  PTPC  opening  [75,  81,  100]  Tne 
PTPC  closing  agents  decrease  apoptosis  and  prevent  decreases  in  A'Pm  that  are  thought  to  result  from 
dissipation  of  the  transmembrane  proton  gradient  caused  by  PTPC  opening  (see  [92,  101,  102]  for 
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reviews).  Similar  to  studies  in  other  cell  types  [103-106],  we  have  used  CSA  and  BA  in  CAergic  neuron¬ 
like  cells  to  reduce  apoptosis  and  prevent  A’Fm  dissipation  caused  by  rotenone  (see  below).  BA  was 
particularly  effective  at  concentrations  as  low  as  10"  M. 

GAPDH  In  Neurodegeneration  And  Apoptosis  -  GAPDH  was  found  to  co-immunoprecipitate 
with  the  mutant  proteins  in  Huntington’s  disease  (HD)  and  related  degenerative  conditions  [107],  It  was 
hypothesized  that  GAPDH  binding  to  the  mutant  proteins  might  impair  glycolysis  [108]  but  that 
possibility  has  not  been  supported  by  glycolytic  measurements  in  postmortem  brain  tissue  and  cultured 

cells  [54,  109,  110].  .  .  ,  . 

Studies  with  antisense  oligonucleotides  showed  that  GAPDH  is  essential  to  the  progression  of 
apoptosis  involving  a  variety  of  neuronal  cells  [111,  112].  GAPDH  mRNA  and  protein  levels  increase  in 
neurons  early  in  apoptosis  caused  by  reduction  of  media  K+  [113,  114],  cytosine  arabinoside  exposure 
[112]  and  aging  [111].  We  found  that  GAPDH  levels  begin  to  increase  at  1. 5-2.0  hours  after  serum  and 
NGF  withdrawal,  which  is  4  hours  before  nuclear  DNA  cleavage  and  chromatin  condensation  began  to 
appear  in  the  same  ceils  [54],  Studies  with  antisense  oligonucleotides  have  shown  that  p53  is  upstream 
to  GAPDH  increases  in  apoptosis  [115]. 

In  non-apoptotic  cells,  GAPDH  is  primarily  in  the  extra-nuclear  cytoplasm  with  sparse  localization 
to  small  punctate  areas  in  the  nucleus  [116].  In  apoptosis  involving  GAPDH  upregulation,  GAPDH 
accumulates  densely  in  the  nucleus  [54,  117-119],  which  serves  as  a  marker  of  GAPDH  associated 

apoptosis.  _ 

We  cloned  a  GAPDH  cDNA  from  rat  brain  and  used  the  cDNA  to  produce  a  GAPDH-green 

fluorescent  protein  (GFP)  construct  [120],  which  was  transiently  transfected  transiently  into  COS1  cells 
and  stably  transfected  into  HEK  293  cells.  The  living  cells  had  little  or  no  GAPDH-GFP  protein  in  their 
nuclei  and  showed  a  distribution  for  the  fusion  protein  that  was  largely  cytosolic.  The  GAPDH-GFP 
fusion  protein  progressively  accumulated  in  the  nucleus  of  a  proportion  of  the  cells  in  the  first  two  hours 
after  exposure  to  apoptosis  initiating  agents,  which  established  that  GAPDH  movement  from  the  cytosol 
to  nucleus  occurs  dynamically  during  the  early  stages  of  apoptosis.  Our  western  blots  for  the  nuclear 
subcellular  fraction  have  shown  progressive  increases  in  nuclear  GAPDH  immunoreaction  over  the  first 
3-6  hours  of  some  forms  of  apoptosis  [54].  Ischitani  et  al.  have  used  antibodies  that  are  specific  for 
GAPDH  tetramer  or  for  GAPDH  dimer/monomer  to  show  that  the  dimer/monomer  form  rather  than  the 
tetramer  form  translates  to  the  nucleus  in  apoptosis  (personal  communication). 

We  recently  showed  that  GAPDH  co-localizes  and  co-immunoprecipitates  with  promyelocytic 
leukemia  (PML)  protein  [116],  The  co-localization  and  co-immunoprecipitation  depended  on  an 
association  of  the  proteins  with  RNA.  PML  protein  is  pro-apoptotic  and  is  involved  with  nuclear  proteins 
that  control  translation  [121-125],  Our  finding  is  in  keeping  with  previous  work  suggesting  that  GAPDH 
modulates  transcription  or  translation  [126]. 

Deprenyl-Related  Propargylamines  Target  GAPDH  To  Reduce  Apoptosis.  (-)-Deprenyl,  an 
MAO-B  inhibitor  was  first  used  in  PD  together  with  levodopa  to  reduce  dopamine  metabolism  and 
increase  striatal  dopamine  availability  [127,  128].  Studies  of  MPTP  toxicity  in  the  monkey  [129]  were 
interpreted  to  show  that  (-)-deprenyl  reduced  dopaminergic  neuronal  necrosis  caused  by  ROb 
generated  by  dopamine  metabolism.  The  finding  fostered  clinical  trials  examining  the  effect  of  (-)- 
deprenyl  on  the  clinical  progression  of  PD  (see  [130-134]  for  examples).  The  trials  provided  clear 
evidence  that  (-)-deprenyl  slows  the  clinical  progression  of  PD.  There  has  not  been  agreement  on  the 
mechanisms  responsible  for  the  slowing  (see  [132,  135-137]),  particularly  whether  the  results  indicate 

slowing  of  neuronal  death  in  the  disease.  ..  .  _n 

Although  it  is  uncertain  whether  (-)-deprenyl  slows  the  progressive  neuronal  death  in  PD,  it  does 
reduce  neuronal  death  in  a  wide  variety  of  in  vivo  and  in  vitro  experimental  models.  The  models  have 
included  neuronal  death  induced  by  6-hydroxydopamine  [138],  MPP+  [139-146];  MPTP  [129,  144, 147] 
nitric  oxide  or  peroxynitrite  [148],  DSP-4  [149-151];  glutathione  depletion  [152],  Penpheral  nerve  crush 
or  axotomy  [153-157];  optic  nerve  crush  [158];  hypoxia  and/or  ischemia  [159]  [160-163];  cytosine 
arabinoside  [164];  excitotoxins  [165]  [163,  166,  167],  trophic  insufficiency  [54,  55,  168,  169];  thiamine 
deficiency  [170]  and  aging  [171-174]. 
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A  number  of  investigations  have  established  that  (-)-deprenyl  can  reduce  neuronal  death 
independently  of  MAO-B  or  MAO-A  inhibition  [141-144,  149,  153,  165,  175,  176].  Studies  in  a  number 
of  models  have  shown  that  (-)-deprenyl  can  reduce  apoptosis  [55,  80,  141,  148,  159,  164,  165,  168, 
169,  177-189].  The  reduction  of  apoptosis  by  (-)-deprenyl  has  been  found  to  involve  prevention  of 
decreases  in  mitochondrial  membrane  potential.  [55,  164],  which  may  indicate  maintenance  of 
mitochondrial  membrane  impermeability. 
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Figure  1  -  Conversion  of  GAPDH  Tetramer  To  A  Dimer  By  CGP3466  In  Solution.  Our  use  of  Size 
exclusion  chromatography  showed  that  the  tricyclic  deprenyl  analog,  CGP3466  and  other  propargylamines 
convert  GAPDH  tetramer  to  a  dimer  in  solution  [54].  The  figure  shows  a  computer  generated  model  of  GAPDH 
three  dimensional  structure  based  on  yeast  crystal  structure  with  substitution  of  human  amino  acid  differences 
(see  higher  resolution  images  and  the  details  of  our  image  generation  in  [541).  Our  studies  indicated  that 
CGP3466  binds  into  the  channel  of  GAPDH  in  order  to  convert  the  tetramer  to  dimer,  likely  dimer  3  shown  in  the 
figure  and  stabilizes  the  protein  in  that  form.  Studies  by  Ishitani  and  coworkers  (Ishitani,  personal  communication) 
have  shown  that  GAPDH  translocates  to  the  nucleus  in  apoptosis  as  a  monomer  or  as  dimer  1  or  dimer  2. 
Antibodies  against  dimers  1  or  2  or  against  GAPDH  monomer  but  not  GAPDH  tetramer  block  MPP+  induced 
apoptosis  in  cultured  dopaminergic  neurons  [190], 

Together  with  workers  at  Novartis,  we  developed  a  tri-cyclic  deprenyl  analog,  CGP3466  [191], 
which  reduces  a  number  of  forms  of  apoptosis  in  a  variety  of  models,  but  does  not  inhibit  MAO-B  [192]. 
Photoaffinity  labeled  CGP3466  [193]  established  that  CGP3466  binds  to  GAPDH  in  rat  hippocampus 
[801  and  cultured  catecholaminergic  cells  [54].  (-)-Deprenyl  and  CGP3466  reduce  apoptosis  over  similar 
concentration  ranges  (10'5  to  10*  M)  [54,  80],  CGP3466  prevented  the  GAPDH  upregulation  and  the 
dense  GAPDH  nuclear  accumulation  typical  of  GAPDH-associated  apoptosis  [54].  We  used  size 
exclusion  chromatography  to  show  that  the  CGP3466  converted  GAPDH  from  a  tetramer  to  a  specific 
dimer  in  solution  ([54]  and  figure  1).  Our  findings  suggest  that  CGP3466  binding  to  GAPDH  prevents 
apoptosis  signaling  by  the  protein,  while  allowing  it  to  retain  glycolytic  capacity. 

We  initially  showed  anti-apoptosis  by  (-)-deprenyl  requires  new  protein  synthesis  [168].  It  was  not 
known  how  changes  in  new  protein  synthesis  might  cause  the  reduced  apoptosis  induced  by 
propargylamines  like  CGP3466.  We  have  now  used  metabolic  labeling  and  western  blotting  to  show 
that  the  propargylamines  induce  marked  changes  in  new  protein  synthesis,  particularly  in  the  nuclear 
and  mitochondrial  protein  fractions,  and  that  those  changes  affect  apoptosis  related  proteins  (see 
below).  It  remains  to  be  determined  how  propargylamine  binding  to  GAPDH  might  induce  anti-apoptotic 
new  protein  synthesis. 
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Progress  In  Ascertaining  Whether  GAPDH  Contributes  To  Apoptosis  In  A  Decreased  mtRCx  I 
Activity  Model  Of  PD  -  In  our  previous  progress  report,  we  presented  our  findings  from  work  aimed  at 
investigating  mechanisms  of  GAPDH  and  mitochondria  in  apoptosis  signaling.  Although  MPTP  has 
provided  the  standard  model  of  PD  over  the  last  20  years,  a  number  of  recent  findings  indicate  that  the 
capacity  of  MPTP  to  model  decreased  mtRCx  I  activity  PD  is  limited.  In  contrast,  rotenone  may  offer  a 
superior  PD  model  from  the  aspect  of  decreased  mtRCx  I  activity.  Studies  of  postmortem  brain  suggest 
that  GAPDH  signaling  may  be  implicated  in  PD  neuronal  apoptosis.  Accordingly,  we  sought  to 
determine  whether  rotenone  models  the  GAPDH-related  aspects  of  PD. 


Rotenone  Induced  Apoptosis  Requires  New  Protein  Synthesis,  Including  A  Pathway 
Involving  Increased  GAPDH  Levels  And  Dense  GAPDH  Nuclear  Translocation.  Some  forms  of 
apoptosis  require  the  new  synthesis  of  proteins,  while  other  forms  do  not  (see  discussion  in  [194], 
appended).  We  used  actinomycin  D  at  2  pg/ml  and  cycloheximide  at  8  pg/ml  to  inhibit  transcription 
and  translation  respectively  in  NGF  differentiated  PC12  cells,  a  CAergic  neuron-like  cell  line.  The  cells 
were  exposed  to  varying  rotenone  concentrations.  In  other  studies,  we  had  showed  that  those 
concentrations  of  actinomycin  D  and  cycloheximide  did  not  decrease  survival  of  the  serum  and  NGF 
supported  CAergic  cells  but  did  decrease  levels  newly  metabolically  labeled  proteins  in  the  cells  by 
94%  or  greater  ([194],  appended).  The  protein  synthesis  inhibition  revealed  that  about  two-thirds  or 
more  of  the  decreased  survival  induced  by  rotenone  required  new  protein  synthesis  (figure  2)  and 
established  that  new  protein  synthesis  is  required  for  rotenone  induced  apoptosis  in  the  cells 


Figure  2  -Transcriptional  Inhibition  And 
Translational  Inhibition  Reduce  The  Loss  Of 
Catecholaminergic  Neuron-Like  Cells  Induced 
By  Rotenone.  Actinomycin  D  and  cycloheximide 
were  utilized  to  determine  whether  apoptosis 
induced  by  rotenone  depends  on  new  protein 
synthesis  .  Both  inhibitors  increased  cell  survival 
indicating  that  a  major  proportion  of  the  decreased 
survival  induced  by  rotenone  depends  on  new 
protein  synthesis  in  the  cultured  cells.  The 
proteins  that  are  newly  synthesized  in  rotenone 
induced  apoptosis  are  not  known.  It  is  also  not 
known  whether  or  how  decreased  mtRCxI  activity 
induces  the  new  protein  synthesis. 


that  pro-apoptotic  new  protein  synthesis  induced  by 


Figure  3  -  Delayed  Application  Of 
Transcriptional  And  Translational  Inhibitors 
Reveals  the  Timing  Of  Expression  Of  Essential 
Apoptotic  Proteins.  Experiments  in  which  the 
application  of  the  transcriptional  and  the  translational 
inhibitor  were  delayed  relative  to  the  addition  of 
rotenone  to  the  cultured  catecholaminergic  cells 
showed  that  the  genes  for  proteins  that  are  essential 
to  decreasing  survival  were  translated  between  0 
and  3  hours  after  rotenone  addition.  Our  western 
blots  have  shown  that  GAPDH  levels  begin  to 
increase  between  2.5  and  3.0  hours  after  rotenone 
addition  to  the  cultured  cells 

Experiments  in  which  the  application  of 
new  protein  synthesis  inhibitors  was  delayed 
relative  to  the  addition  of  rotenone  indicated 
rotenone  was  largely  transcribed  and  translated 
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between  1  and  4  hours  after  rotenone  addition  (figure  3,  also  see  [194]  appended  for  details  of  the 
methods  and  interpretation  of  the  delay  experiments).  GAPDH  has  been  shown  to  upregulate  in  a 
number  of  forms  of  neuronal  apoptosis  and  antisense  oligonucleotide  application  or  intracellular 
antibody  injection  has  shown  that  increased  synthesis  of  GAPDH  is  essential  to  the  neuronal  apoptosis 
[54,  111,  113,  114],  including  apoptosis  induced  by  MPP+  in  primary  cultures  of  dopaminergic 
mesencephalic  neurons  [190],  Accordingly,  GAPDH  synthesis  is  critical  to  some  forms  of  apoptosis.  We 
previously  found  that  GAPDH  levels  increased  at  1.5  to  2  hours  after  serum  and  NGF  withdrawal  from 
the  CAergic  cells  [54].  In  the  present  experiments,  We  found  that  GAPDH  levels  increase  in  the 
CAergic  cells  after  exposure  to  rotenone.  GAPDH  levels  were  found  to  be  increased  by  3  hours  after 
rotenone  application  and  the  GAPDH  immunodensity  varied  with  rotenone  concentration  for 
concentrations  of  2  -  20  nM  according  to  a  U  shaped  relationship  with  the  maximum  increase  for  10  nM 
(figure  4). 

An  identifying  feature  of  apoptosis  involving  GAPDH  signaling  is  the  dense  nuclear 
accumulation  of  GAPDH  immunoreaction  [54,  117-119],  due  to  GAPDH  translocation  from  the  cytosol 
to  the  nucleus  [120].  GAPDH  is  normally  sparsely  distributed  in  the  nucleus  in  association  with 
promyelocytic  leukemia  (PML)  protein  [116].  Since  dense  accumulation  GAPDH  nuclear 
immunoreaction  has  been  found  in  neuromelanin  containing  neurons  of  the  PD  SNc  [14],  we  examined 
the  CAergic  neuron-like  cells  acute  rotenone  exposure  for  GAPDH  dense  nuclear  accumulation. 


45.7-- 
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Figure  4  -  Rotenone 
Increases  GAPDH 
Levels  In  A 
Concentration 
Dependent  Manner. 
Western  blots 
showed  that  rotenone 
concentrations  which 
induced  decreases  in 
mtRCxI  activity  of  1 5- 

45%,  also  increased  GAPDH  levels  in  a  concentration  related  fashion  beginning  at  2-3  hours  after  the  rotenone 
addition  (this  blot  is  for  6  hours  after  rotenone  addition). 
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Figure  5  -  Rotenone  Induces  Accumulation  Of  Dense  Nuclear  GAPDH  Immunoreaction  -  Rotenone  induced 
GAPDH  dense  nuclear  immunoreaction  typical  of  GAPDH  signaling  in  apoptosis.  Vertical  pairs  of  LCSM  images 
are  for  identical  image  fields.  Upper  images  are  for  YOYO-1  staining  of  DNA  and  lower  images  for  GAPDH 
immunofluorescence.  A1  ,A2  and  B1  ,B2  are  for  vehicle  treated  cells  and  Cl  ,C2  and  D1  ,D2  for  rotenone  treated 
cells.  The  arrows  denote  nuclei  with  dense  nuclear  GAPDH  immunoreaction. 
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fragmented  DNA  typical  of  apoptotic  degradation  (figure  7C). 

Rotenone  concentrations  of  5  to  20  nM  induced  32  and  38%  decreases  in  survival  respectively 
(figure  8A)  and  mean  decreases  in  mtRCxI  activity  of  16  to  60  %  (figure  8B).  Concentrations  of  10  and 
20  nM  induced  the  maximum  percentages  of  cells  with  nuclear  chromatin  condensation  (figure  8E, 
typical  chromatin  condensation  associated  with  cell/nuclear  shrinkage  is  illustrated  in  8C1/C2  and 
8D1/D2).  These  data  suggest  that  10  nM  is  the  most  effective  concentration  for  inducing  apoptosis  in 


the  cultured  cells  while  higher  concentrations  cause  mixtures  of  apoptosis  and  necrosis.. 


Figure  7  -  Rotenone  Induced  Process  Damage  And  Apoptosis  In  CAergic  PCI 2  Cells  -  A.  shows 
immunoreaction  for  an  antibody  against  TH  in  NGF  differentiated  PCI  2  cells.  B.  Higher  power  interference 
contrast  LCSM  image  of  rotenone  treated  NGF  differentiated  PCI 2  cells  showing  a  shrunken  cell  with  a 
condensed  nucleus  (marked  by  open  arrow)  and  two  other  cells  with  normal  cell  bodies  and  nuclear  morphology 
but  truncation  of  their  processes  (shown  by  small  arrows).  C.  dUTP  in  situ  DNA  end  labeling  demonstrating 
nuclear  DNA  fragmentation  typical  of  apoptotic  nuclear  degradation  in  a  shrunken  NGF  differentiated  PC12  cell 
(marked  by  an  arrow  and  shown  at  higher  magnification  in  the  inset  image). 


Figure  8  -  Rotenone  Reduces  Survival,  Induces  Apoptosis  And  Decreases  mtRCxI  Activity  In  NGF 
Differentiated,  Catecholaminergic  PCI 2  Cells  In  Culture.  A.  shows  the  %  survival  of  the  cells  at  24 
hours  after  the  application  of  different  rotenone  concentrations  while  B.  shows  the  %  mtRCxI  activity 
versus  rotenone  concentration  for  the  mitochondrial  fraction  of  cell  lysates  at  3  hours  after  rotenone 
addition.  The  C1/C2  and  D1/D2  pairs  are  for  identical  laser  confocal  image  fields.  The  upper  images  of 
each  pair  are  for  the  fluorescence  of  the  nucleic  acid  binding  dye  YOYO-1  and  the  lower  images  are 
interference  contrast  images.  The  images  show  typical  nuclei  with  chromatin  condensation  (labeled  a), 
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As  shown  in  figure  5,  rotenone  exposure  of  the  CAergic  cells  induced  dense  nuclear  GAPDH 
immunofluorescence  in  a  proportion  of  the  cells  and  the  dense  nuclear  accumulation  was  not  present 
in  vehicle  treated  cells  (compare  figure  5  A1/A2  and  B1/B2  to  C1/C2  and  D1/D2).  Accordingly, 
decreased  mtRCx  I  activity  caused  by  rotenone  exposure  induces  GAPDH  upregulation  and  dense 
nuclear  GAPDH  accumulation  similar  to  that  found  in  SNc  neuromelanin  containing  neurons  in  PD 

postmortem  brain. 

Chronic  Rotenone  Exposure  Induces  Ubiquitin  Immunopositive  Aggregations  In  The  Cell 
Bodies  Of  Cultured  Catecholaminergic  Cells.  DAergic  neurons  in  the  rat  SNc  have  shown  protein 
aggregations  with  similarity  to  Lewy  bodies  found  in  PD  after  chronic  intravenous  rotenone  exposure 
Y721  This  contrasts  to  MPTP  or  MPP+  treated  cells  which  do  not  show  PD-like  protein  accumulations. 
We  treated  NGF  differentiated  CAergic  neuron-like  cells  for  8  to  21  days  with  1  to  2  nM  of  rotenone. 
The  rotenone  containing  media  was  replaced  daily.  About  17%  of  celts  surviving  for  14  to  21  days 
showed  patchy  regions  of  intense  ubiquitin  immunofluorescence  (see  figure  6).  Although  ubiquitin  is  a 
marker  of  Lewy  bodies  [12],  a-synuclein  has  become  to  be  considered  as  the  major  component  of 
Lewv  bodies  [13  195]  and  it  has  been  shown  that  a-synuclein  aggregations  and  even  fully  formed 
Lewy  bodies  are  prominent  constituents  of  axons  and  terminals  of  CAergic  neurons  in  PD  and  several 
related  conditions  [196].  Our  preliminary  findings  showed  that  a-synuclein  immunofluorescence  co¬ 
localized  with  the  patchy  ubiquitin  immunofluorescence  in  cell  bodies.  While  ubiquitin  and  “-synuclein 
were  localized  to  the  peripheral  portion  of  the  patches,  GAPDH  immunofluorescence i  Iodized  to h 
central  portion  .  In  PD  Lewy  bodies,  the  three  proteins  are  found  with  a  similar  distnbution  -  ubiquitin 
and  a-synuclein  in  the  peripheral  or  radial  portion  of  the  bodies  and  GAPDH  in  the  central  portion  [14], 


L.  .  MrF  Differentiated  PCI  2  cells  Exposed  To  1  -2  nM  Rotenone  For  8  to  14  Days  Show  Cell  Body 
Ubiquitin  Immunopositive  Accumulations  With  LCSM  A.  and  B.  are  for  identical  image  fields.  A.  shows 
YOYO-1  fluorescence  for  nuclear  DNA  while  shows  ubiquitin  immunofluorescence.  Approximately  17 Vo  of  the 
surviving  CAe%Tc  ne“ron-like  cells  showed  ubiquitin  immunopositive  cell  body  accumulations  similar  to  that  ,n  B. 

Progress  In  Determining  The  Mechanisms  Of  Neuronal  Loss  Caused  By  Decreased  mtRCx  1 
Activity. 

Decreased  mtRCxI  Activity  Caused  By  Rotenone  Is  Associated  With  Process  Withdrawa! 
And  Apoptosis  Of  Cultured  Catecholaminergic  Cells.  We  examined  the  effects  of  acute  rotenone 
treatment  on  NGF  differentiated  PC12  cells.  As  illustrated  in  figure  7A,  the  cells  are 
as  shown  by  their  tyrosine  hydroxylase  (TH)  immunoreactivity.  Single  applications  of  rotenone  (5 rto  20 
nM)  induced  process  truncation  (solid  arrows  in  figure  7B)  with  cytosolic  and  nuclear  shrinkage  of 
proportion  of  the  cells  (open  arrow  in  figure  7B).  ISEL  showed  that  the  shrunken  nuclei  contained 


15 


Annual  Report  2001  -Army  Award  DAMD1 7-99-1 -9559  William  G.  Tattoo 

normal  nuclei  (labeled  n)  and  one  nucleus  in  mitosis  (labeled  m),  each  at  12  hours  after  treatment  with 
10  nM  rotenone.  E.  shows  the  relationship  between  the  %  nuclei  with  chromatin  condensation  versus 
rotenone  concentration  at  12  hours  after  treatment  with  10  nM  rotenone.  Rotenone  concentrations  of  5 
to  20  nM  induced  32  and  38%  decreases  in  survival  respectively  (figure  3A)  and  mean  decreases  in 
mtRCxI  activity  of  about  16  to  60  %  (figure  3B).  Concentrations  of  10  and  20  nM  induced  the 
maximum  percentages  of  cells  with  nuclear  chromatin  condensation  (figure  3E,  typical  chromatin 
condensation  associated  with  cell/nuclear  shrinkage  is  illustrated  in  3C1,  C2  and  3D1,  D2).  These  data 
suggest  that  10  nM  is  the  most  effective  concentration  for  inducing  apoptosis  in  the  cultured  cells  while 
higher  concentrations  increasingly  induce  necrosis. 

Loss  Of  CAergic  Cells  Induced  By  Rotenone  In  Culture  Is  Caspase  Dependent  But  Is 
Energy  Independent  And  Can  Be  Modulated  By  The  Availability  Of  Glycolytic  ATP 

Previous  research  has  shown  that  apoptosis  induced  by  rotenone  in  AK-5  cells  is  caspase 
dependent  [79],  We  found  that  rotenone  increased  levels  of  activated  caspase  3  in  cells  with  evidence 
of  nuclear  chromatin  condensation  after  rotenone  exposure  (figure  9  A1  and  A2).  The  irreversible 
general  caspase  inhibitor  ZVAD-FMK  at  concentrations  of  10  pM  induced  maximum  reversal  of  the 
decreased  survival  induced  by  rotenone  (figure  9B).  An  average  of  approximately  two-thirds  of  the 
decreased  survival  were  reversed  at  different  rotenone  concentrations,  suggesting  that  a  major  portion 
of  the  cellular  loss  induced  by  rotenone  was  caspase  dependent.  Accordingly,  GAPDH  associated 
apoptosis  induced  by  rotenone  is  caspase  dependent,  particularly  caspase  3  dependent,  which  is 
similar  to  the  apoptosis  found  in  neuromelanin  containing  neurons  in  the  SNc  of  PD  postmortem  brain 
(see  references  above). 


A1.. 

A2. 

,»Yv 

YOYO-1  ^ 

Act.  Casp.  3  Ab 

Figure  9  -  General  Caspase  Inhibitor  Increases  Survival  After  Rotenone  And  mtRCxI  Energy  Or  Glucose 
Dependence  Of  Rotenone  Induced  Neuronal  Death.  A1.  and  A 2.  show  identical  LCSM  image  fields.  YOYO-1 
staining  shows  one  nucleus  with  chromatin  condensation  in  a  number  of  nuclear  bodies.  Other  nuclei  show 
normal  staining.  The  cell  with  nuclear  chromatin  condensation  shows  high  levels  of  activated  caspase  3 
immunofluorescence.  B.  ZVAD-FMK  at  varying  concentrations  was  delivered  to  the  cells  30  minutes  prior  to 

Figure  10  -Mitochondrial 
Energy  Independence 
And  Glycolytic  Energy 
Dependence  Of  Rotenone 
Induced  Neuronal  Death. 
A.  High  concentrations  of 
succinate  provide  energy  to 
mitochondrial  complex  II, 
bypassing  energy 
decreases  induced  by 
rotenone  by  inhibiting 
mtRCxI.  The  plots  show 
that  less  than  10%  of  the 

death  is  mtRCxI  energy  dependent  for  rotenone  concentrations  of  10  nm  or  less,  concentrations,  which  largely 
induce  apoptosis  (see  above).  About  15%  of  the  death  caused  by  20  nM  rotenone  is  mtRCxI  energy  dependent. 


rotenone  addition.  ZVAD-FMK  is  an  irreversible,  cell  permeant  caspase  inhibitor. 
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B.  Increased  glycolytic  ATP  produced  by  high  glucose  concentrations  is  used  by  ATP  synthase  to  reverse  pump 
protons  outward  across  the  inner  mitochondrial  membrane  and  can  reduce  decreases  in  A'Fm  caused  by  mtRCxI 
inhibition  (see  below  and  [198]).  We  found  that  high  glucose  concentrations  in  the  supporting  media  reverses  75% 
or  more  of  the  cell  loss  induced  by  rotenone  and  that  oligomycin,  an  ATP  synthase  inhibitor,  blocks  the 
compensation  offered  by  high  glucose  concentrations. 

We  used  varying  concentrations  of  succinate,  the  substrate  for  mitochondrial  respiratory 
complex  II  [197],  in  order  to  assess  the  role  that  decreased  provision  of  energy  by  mtRCxI  played  in  the 
reduced  survival  induced  by  rotenone  (figure  10A).  The  experiments  revealed  that  increasing  energy 
provision  to  complexes  II  -  IV  induced  relatively  small  increases  in  survival  and  therefore  showed  that  a 
reduction  in  energy  provision  by  mtRCx  I  played  little  role  in  rotenone  induced  apoptosis  in  the 
differentiated  PCI  2  cells.  Deficient  energy  availability  has  been  a  central  tenet  of  the  hypothesized 
mechanisms  of  PD  neuronal  loss  caused  by  decreased  mtRCx  I  activity  and  now  must  be  re-evaluated. 

A  second  series  of  experiments  provided  high  glucose  concentrations  to  the  cells  as  a  means  of 
increasing  the  availability  of  glycolytic  ATP  (see  [198]  for  our  similar  experiments  with  MPP+).  The 
experiments  showed  that  high  glucose  largely  reversed  the  decreased  survival  caused  by  rotenone 
(figure  10B)  and  that  oligomycin,  a  selective  inhibitor  of  mitochondrial  ATP  synthase,  almost  completely 
eliminated  the  prevention  of  cell  loss  provided  by  high  glucose.  A  number  of  studies  have  shown  that 
ATP  synthase  can  use  glycolytic  ATP  to  pump  protons  outward  across  the  inner  mitochondrial 
membrane  and  thereby  maintain  A'T'm  (see  [198]  for  details).  mtRCx  I  as  well  as  complexes  III  and  IV 
normally  use  energy  extracted  from  NADH,  reduced  ubiquinone  and  cytochrome  C  to  pump  protons 
outward  across  the  inner  mitochondrial  membrane  and  the  resulting  transmembrane  proton  gradient 
contributes  to  the  generation  of  A'T'm.  Accordingly,  it  appears  that  reverse  proton  pumping  by  ATP 
synthase  can  compensate  for  neuronal  death  caused  by  mtRCx  I  inhibition 

Rotenone  Does  Not  Increase  ROS  Levels  In  Cell  Bodies  Of  CAergic  Neuron-Like  Cells. 
We  used  the  dyes  2’-7'-dichlorofluorescein  (DCFHrDA)  [199-201]  and  dihydroethidium  (HEth)  [202- 
204]  to  estimate  peroxyl  radical  and  superoxide  radical  levels  in  the  cell  bodies  of  the  CAergic  cells 
after  rotenone  treatment  (see  figure  1 1  for  typical  LCSM  images  for  the  two  dyes). 


Figurell  -  DCFH2-DAand  Dihydroethidium  LCSM  Images.  A1  and  B1  are  LCSM  interference  contrast  images 
while  A2  and  B2  present  2',  7'-dichlorof1uorescein  and  ethidium  ion  fluorescence  in  the  cell  bodies  of  living  NGF 
differentiated  PCI  2  cells.  The  images  were  taken  at  maximum  gain  to  display  the  localization  of  the  ROS 
fluorescence.  Note  the  cell  to  cell  variation  in  peroxyl  radical  induced  fluorescence  shown  by  DCF  in  A2  and  the 
punctate  nature  of  superoxide  radical  induced  fluorescence  in  B2.  The  cells  were  treated  with  10  nM  rotenone  3 
hours  prior  to  the  imaging. 

Loss  of  mitochondrial  energy  due  to  decreased  mtRCx  I  activity,  which  in  turn  fosters 
increased  ROS  levels  leading  to  neuronal  death,  has  been  a  central  hypothesis  for  the  basis  of 
neuronal  loss  in  PD.  Our  findings  suggest  that  decreased  mtRCx  I  activity  is  not  necessarily 
accompanied  by  either  of  those  defects.  Accordingly,  decreased  mtRCx  I  activity  may  induce  neuronal 
apoptosis  in  PD  through  other  means. 
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Rotenone  Decreases  A'Fm  In  Cell  Body  Mitochondria  Of  Catecholaminergic  Cells  And 
Opening  Of  The  Mitochondrial  Permeability  Transition  Pore  Contributes  To  Rotenone  Induced 
Apoptosis.  Decreases  in  ATm  accompany  a  number  of  forms  of  apoptosis  and  likely  result  from 
increases  in  the  permeability  of  the  inner  mitochondrial  membrane  with  dissipation  of  the 
transmembrane  protein  gradient.  As  shown  in  figure  13,  we  found  that  rotenone  induced  a 
concentration  dependent  decrease  in  A^m  and  oligomycin  caused  a  further  decrease  in  AH'm-  This  data 
(also  see  above)  suggest  that  ATP  synthase  partially  compensates  for  caused  by  rotenone,  likely  by 
pumping  protons  out  across  the  inner  membrane  using  energy  provided  by  glycolytic  ATP.  In  other 
experiments,  succinate  was  added  as  in  the  survival  experiments  shown  above  (data  not  shown)  and 
revealed  that  provision  of  substrate  to  complex  II  did  not  significantly  alter  the  rotenone-A^M 
relationships.  This  suggested  that  a  reduction  in  proton  pumping  by  mtRCxI  is  unlikely  to  be  a  major 
factor  in  the  generation  of  the  decreased  A^m  caused  by  rotenone  induced  decreases  in  mtRCx  I 
activity.  _ 
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Figure  12  -  Rotenone  Decreases  Peroxyl  Radicals  And  Does  Not  Alter  Superoxide  Radical  Levels  In  The  Cell 
Bodies  Of  Living  Catecholaminergic  Neuron-Like  Cells  -  A.  Peroxyl  radical  levels  estimated  from  LCSM  images 
of  living  cells  that  compared  vehicle  treated  to  1 0  nM  rotenone  treated  cells  at  time  points  varying  from  30  minutes 
to  24  hours  after  treatment.  B.  Peroxyl  radical  levels  estimated  by  DCFH2-DA  induced  florescence  compared  in 
serum  and  NGF  supported  versus  serum  and  NGF  withdrawn  cells  at  multiple  time  points  (see  [55]  for  more 
details).  C.  Superoxide  radical  levels  shown  by  HEth.  florescence  comparing  cells  treated  with  10  nM  rotenone  or 
vehicle.  All  points  are  for  200  to  400  cell  body  measurements  in  living  cells. 
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Figure  13  -  Measurement  Of  ATm  In  Live  Cells  Exposed  To  Varying  Concentrations  Of  Rotenone.  We  used 
three  different  mitochondrial  potentiometric  dyes  to  measure  ATm  by  imaging  dye  fluorescence  with  LCSM  (see 
[55]  appended  for  details).  A.  Typical  image  for  Tetramethylrhodamine  methyl  ester  (TMRM)  fluorescence  is 
shown  for  single  NGF  differentiated  PCI 2  cells.  The  inset  is  included  to  demonstrate  the  capacity  to  resolve 
single  mitochondrial  profiles.  B1.  -  B5.  TMRM,  used  in  living  cells,  revealed  a  rotenone  concentration  dependent 
shift  of  the  distributions  found  for  mitochondrial  fluorescence  toward  lower  values  (each  distnbution  represents 
600  -  900  measurements)  that  was  evident  as  early  as  30  minutes  after  rotenone  addition.  The  decreases 
remained  unchanged  after  3  hours.  C.  Addition  of  oligomycin  with  rotenone  increased  the  shifts  toward  lower 
values.  Oligomycin  is  an  inhibitor  of  ATP  synthase  and  blocks  glycolytic  ATP  proton  pumping  by  ATP  synthase 
that  partially  compensates  for  ATm  dissipation. 

Several  studies  have  shown  that  agents,  which  facilitate  closure  of  the  PTPC,  can  reduce  cell 
death  caused  by  rotenone  [75,  81,  100],  We  found  that  BA,  which  binds  to  the  adenine  nucleotide 
translocator  (ANT),  a  major  component  of  the  PTPC,  and  cyclosporine  A,  which  prevents  cyclophilin  D 
binding  to  ANT  ,  both  increased  the  survival  of  rotenone  treated  cells  (figure15A).  BA  was  most 
effective  at  10'9  M  and  was  able  to  increase  survival  to  a  significantly  greater  extent  than  CSA  (data  not 
shown).  We  also  used  LCSM  imaging  of  5, 5’, 6,  6'-tetrachloro-1,T,3,3'-tetraethybenz.midazol 

carbocyanine  iodide  (JC-1)  fluorescence  to  estimate  A4>m  in  living  cells  (see  [55]  for  details  and  figure 
14  for  an  example)  The  studies  showed  that  10'9  M  BA  markedly  attenuated  the  decreased 
induced  by  rotenone  (figures  7B1-7B3  and  7C1 -7C3).  We  interpret  these  findings  to  show  that  both  the 
decrease  in  survival  and  the  decrease  in  A4*m  caused  by  rotenone  in  the  cultured  Catecholaminergic 


- - - - - “■ 

Al| 

A 2. 

A3. 

-  *  r 

1 1 3  |un 

10  |iiv. 

10  pm 

Figure  14  -  Typical 
images  for  5,5',6, 
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figure  in  C3  illustrates  the  range  of  ATM  in  different  mitochondrial  profiles  (green  indicates  low  AVM,  yellow 
indicates  intermediate  ATM  and  orange-red  indicates  high  ATm). _ 
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Figure  15.  Bongkrekic  Acid  Attenuates  The  Decreased  Survival  And  Cell  Body  AH'm  Dissipation  Caused 
By  Rotenone  In  Cultured  Catecholaminergic  Neuron-Like  Cells.  A.  BA  concentrations  of  1 0  M  were  most 
effective  in  reducing  the  cellular  loss  caused  by  rotenone  (78%  or  more  at  all  concentrations  of  rotenone).  B1-B3. 
BA  shifted  the  distributions  for  the  590  nm  emission  of  JC-1  to  higher  values  compared  to  those  for  rotenone 
alone.  It  either  decreased  or  maintained  the  values  of  distributions  for  the  527  nm  JC-1  emission.  C1-C3 
summarize  the  changes  in  dual  emission  and  present  the  values  for  the  527  nm/590  nm  ratio  (all  of  the 
distributions  are  for  600  or  more  LCSM  measurements  and  the  plots  present  mean  +/-  SEM).These  findings 
indicate  that  the  majority  of  cell  loss  and  the  decrease  in  cell  body  A'Fm  caused  by  rotenone  depend  on  opening 
of  the  PTPC. 


Rotenone  Induces  Greater  Dissipation  Of  a^m  In  Axon  Terminal  Mitochondria  Than  In 
Cell  Body  Mitochondria.  Examination  of  LCSM  images  of  primary  cultures  of  ventral  mesencephalon 
suggested  that  rotenone  induces  relatively  greater  decreases  in  ATm  for  TH  immunopositive  terminals 
than  TH  immunopositive  cell  bodies,  GABA-ergic  cell  bodies  and  terminals,  and  glia  cells  in  the  same 
cultures  (figure  16,  see  [55]  for  details  of  our  use  of  CMTMR  to  measure  A'L'm).  Similarly  ,  mitochondria 
in  the  terminals  of  CAergic  neuron-like  cells  exposed  to  serum  and  NGF  cells  for  17  days  to  maximize 
axon  growth  and  terminal  development  showed  a  similar  apparent  disparity  in  terminal  and  cell  body 
ATm  after  rotenone  exposure  (figure  16A).  We  used  TMRM  with  LCSM  imaging  to  compare  ATm 
measurements  for  two  rotenone  concentrations  (2  nM  and  10  nM)  in  the  cell  bodies  and  terminals  of 
the  17  day  differentiated  cells  .  Those  preliminary  measurements  revealed  a  considerably  greater 
dissipation  of  ATm  in  the  terminals  compared  to  the  cell  body  mitochondria,  (figure  16B). 
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Figure  16.  DAns  In  Primary  Mesencephalic 
Cultures.  A1  and  A2  and  B1  and  B2  are  for 
identical  LCSM  image  fields.  A1  and  B1  show 
DAn  cell  bodies  and  processes  identified  by  TH 
immunofluorescence.  A2  and  B2  show  images 
of  aTm  by  the  potentiometric  dye  CMTMR.  The 
intensity  of  CMTMR  fluorescence  estimates 
ATm  if  the  potentiometric  dye  is  incubated  with 
the  cells  only  briefly  before  fixation  (i.e.  10 
minutes,  see  [205]  appended). 
Immunofluorescence  for  the  TH  antibodies 
showed  little  difference  for  vehicle  treated  (A1) 
and  those  treated  with  10  nM  rotenone  (B1).  In 
contrast,  overall  CMTMR  fluorescence  was 
greatly  reduced  for  10  nM  rotenone  treatment 
(B2)  compared  to  vehicle  treatment  (A2).  TH 
immunopositive  cell  bodies  as  well  as  neuron 
like  non  TH  immunopositive  cell  bodies 
(putative  GABAergic  neurons)  and  the  larger 
glial  cells  also  showed  decreased  CMTMR 
fluorescence.  CMTMR  fluorescence  can  still  be 
detected  in  cell  bodies  but  is  no  longer 
detectable  in  TH  immunopositive  processes. 
Accordingly,  the  greatest  decrease  in  CMTMR 


fluorescence  and  likely  A'f'M  was  evident  in  the  processes  of  the  TH  immunopositive  cells. 


A  number  of  factors  might  account  for  greater  ATm  dissipation  in  the  terminals:  1)  rotenone 
binding  to  NADH  dehydrogenase  might  be  increased  in  the  terminals;  2)  rotenone  might  cause  a 
greater  decrease  in  NADH  dehydrogenase  activity  in  the  terminals  (decreased  conversion  of  NADH  to 
NAD+);  3)  a  greater  reduction  in  transmembrane  proton  pumping  might  result  for  a  given  decrease  in 
NADH  dehydrogenase  activity;  4)  decreased  mtRCxI  activity  might  have  an  increased  capacity  to  open 
the  PTPC  in  terminal  mitochondria  and  5)  decreased  mtRCxI  activity  might  induce  greater  increases 
the  levels  of  intramitochondrial  Ca2+  in  terminals,  since  a  recent  study  has  shown  that  chronic  rotenone 
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treatment  of  a  SH-SY5Y  neuroblastoma  cells  increased  Ca2+  in  the  cells  and  reduced  A^m  [206],  or 
6)  increased  ROS  levels  in  terminals,  but  not  ceil  bodies,  might  reduce  A4V  One  or  more  of  those 
factors  could  result  in  greater  vulnerability  of  terminals  to  rotenone  compared  to  cell  bodies.  For 
example,  a  decreased  NADH  dehydrogenase-ANT  interaction  would  result  in  increased  A'F'm 
dissipation  due  to  greater  PTPC  opening  (see  above). 

Figure  17.  A1.  Typical  TMRM 
stained  mitochondria  in  the  A1. 
cell  body  of  a  CAergic  neuron-like 
cell  in  culture  treated  with  NGF  for 
17  days  to  maximize  axon  growth 
and  terminal  development.  A2. 
and  A3.  Terminal  processes  of  the 
same  cell.  B.  Plots  of  Mean+/- 
SEM  TMRM  fluorescence  of  cell 
body  mitochondria  and  terminal 
mitochondria  treated  with  vehicle, 
rotenone  2  nM  or  10  nM.  The  plots 
indicate  that  rotenone  dissipates 
aTm  in  terminal  mitochondria  to  a 
considerably  greater  extent 

compared  to  mitochondria  in  cell  bodies. 

Progress  In  Determining  How  Propargylamines  That  Bind  To  GAPDH  Reduce  Apoptosis. 

Anti-Apoptotic  Propargylamines  Reduce  Apoptosis  Induced  By  Rotenone.  The  tricylic 
propargylamine  CGP3466  does  not  inhibit  MAO-B  but  binds  to  GAPDH  and  converts  tetrameric 
GAPDH  to  a  dimer  [54,  80].  CGP3466  has  been  found  to  be  extremely  effective  in  reducing  some  forms 
of  neuronal  apoptosis  (see  [192],  for  a  review),  including  that  involving  SNc  DAergic  neurons  in 
monkeys  treated  with  intra-carotid  injections  of  MPTP  [207],  CGP3466  is  now  in  clinical  tnal  as  an  anti- 
apoptotic  therapy  for  PD  (see  [63]  for  a  review  of  new  anti-apoptotic  therapies  and  considerations  of  the 
utility  of  CGP3466  in  treating  neurodegeneration).  We  are  particularly  pleased  with  the  therapeutic 
possibilities  offered  by  CGP3466,  since  it  was  discovered  in  our  laboratory  in  1995  [191,  192], 

Figure  18  -  The  propargylamineCGP3466 
Increases  The  Survival  Of  CAergic  Neuron-Like 
Cells  Exposed  To  The  mtRCx  I  Inhibitor  Rotenone. 


We  first  carried  out  studies  to  determine 
whether  CGP3466  can  reduce  neuronal  loss 
induced  by  rotenone.  As  shown  in  figure  18, 
CGP3466  was  most  effective  at  nanomolar 
concentrations  and  was  particularly  effective  in 
increasing  the  survival  of  the  CAergic  cells  for 
rotenone  concentrations  in  the  range  that  induced 
apoptosis  and  caused  mtRCxI  activity  decreases 
in  the  range  reported  for  the  PD  SNc  (see 
background  material  above). 

Anti-Apoptotic  Propargylamines 

Induce  A  Program  Of  Altered  New  Protein 
Synthesis  That  Increases  Anti-Apoptotic  Proteins  And  Decreases  or  Subcellularly  Relocates 
Pro-Apoptotic  Proteins.  It  remains  to  be  determined  how  the  binding  of  anti-apoptotic 
propargylamines  like  CGP3466  to  GAPDH  and  the  conversion  of  GAPDH  to  a  dimer  reduces 
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apoptosis,  particularly  apoptosis  induced  by  decreased  mtRCx  I  activity  similar  to  that  found  in  PD.  In 
our  previous  progress  report  and  our  published  work,  we  showed  that  the  propargylamines  cause  down 
regulation  of  GAPDH  and  the  prevention  of  dense  GAPDH  nuclear  translocation  [54],  Furthermore,  our 
previous  publications  [127,  168,  208]  and  the  rotenone  research  shown  above  suggests  that  the 
propargylamines  reduce  apoptosis  by  inducing  new  protein  synthesis,  which  serves,  at  least  in  part,  to 
maintain  mitochondrial  membrane  impermeability  [55,  164,  209]  and  thereby  to  prevent  release  of 
mitochondrial  apoptosis  signaling  factors. 

We  carried  out  experiments  in  PCI 2  cells  at  various  stages  of  NGF  differentiation  that  were 
induced  into  apoptosis  by  trophic  withdrawal.  We  used  metabolic  labeling  with  radioactive  methionine 
combined  with  subcellular  fractionation  to  show  that  the  propargylamines  alter  new  protein  synthesis 
largely  in  the  nuclear  and  mitochondrial  subtractions.  The  altered  new  protein  synthesis  involved 
prevention  of  a  number  signaling  events  that  promote  apoptosis:  1)  transient  c-JUN  upregulation;  2) 
BAX  translocation  to  mitochondria;  and  3)  decreases  in  BCL-2,  Cu/Zn  superoxide  dismutase  (SOD1), 
Mn  superoxide  dismutase  (SOD2),  and  glutathione  peroxidase.  The  levels  of  a  number  of  other 
proteins,  for  example  cytoskeletal  proteins,  were  unaffected  by  propargylamine  treatment.  The  protein 
synthesis  changes  are  appropriate  to  maintain  impermeability  of  the  inner  mitochondrial  membrane  as 
indicated  by  prevention  of  A^Pm  dissipation.  They  also  suggest  that  signaling  by  early  activating  pro- 
apoptotic  transcriptional  activators  like  Jun-n-terminal  kinase  (JNK)  are  down  regulated  by 
propargylamine  treatment.  Finally,  they  suggest  that  the  propargylamines  maintain  the  ROS 
scavenging  capacity  of  cells  by  preventing  decreases  in  scavengers  like  SOD1 ,  SOD2  and  glutathione 
peroxidase.  A  number  of  studies  have  suggested  that  ROS  play  essential  roles  in  some  forms  of 
apoptosis  [210-213].  The  finding  are  in  press  in  the  May  2002  issue  of  the  Journal  of  Pharmacology 
and  Experimental  Therapeutics  [194]  and  fully  credit  our  Army  grant  for  support  of  the  research.  The 
manuscript  is  appended  to  this  progress  report.  . 

A  further  series  of  our  experiments  showed  that  exposure  of  the  NGF  differentiated  CAergic 
cells  to  low,  non-iethal  levels  of  pro-oxidants  induces  a  program  of  new  protein  synthesis  that  is  anti- 
apoptotic  and  is  very  similar,  if  not  identical,  to  the  program  induced  by  the  anti-apoptotic 
propargylamines.  The  program  maintains  A¥M  like  the  propargylamines  and  alters  the  levels  of  the 
same  spectrum  of  proteins  as  the  propargylamines.  is  Pharmacological  inhibitors  of  P13-K  block  anti- 
apoptosis  by  low  level  pro-oxidant  exposure  and  by  the  propargylamines.  The  PI3-K  pathway  has  been 
shown  to  mediate  anti-apoptosis  by  phosphorylating  protein  kinase  B  (Akt),  which  acts  through  a 
number  of  transcriptionally  -dependent  and  post  translational  linkages  to  reduce  apoptosis  [214-216]. 
Accordingly,  the  data  suggests  that  propargylamines  activate  an  intrinsic  pathway  that  protects  cells 
from  low-level  damage.  The  finding  are  in  press  in  Neuroscience  [205]  and  fully  credit  our  Army  grant 
for  support  of  the  research.  The  manuscript  is  appended  to  this  progress  report. 
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BODY  OF  WORK 

The  exposure  of  nerve  cells  to  a  variety  of  toxins  can  induce  cell  death  by  apoptosis  and  may  contribute  to 
neuronal  loss  in  some  neurodegenerative  conditions  and  after  exposure  to  a  variety  of  toxins. 

It  is  not  known  what  role  GAPDH  upregulation  or  nuclear  accumulation  plays  in  apoptosis  or  whether 
another  unrecognized  event  involving  GAPDH  is  responsible.  Data  from  our  laboratory  and  others  suggests  that 
GAPDH  is  involved  in  the  early  stages  of  apoptosis  signaling,  well  before  decreases  in  mitochondrial  membrane 
potential  (A'Pm),  opening  of  the  mitochondrial  permeability  transition  pore  (PTP),  the  release  of  apoptosis- 
inducing  mitochondrial  factors,  caspase  3  activation  or  nuclear  degradation.  Yet  the  specific  aspects  of  GAPDH 
activity  and  interactions  that  contribute  to  apoptosis  remain  unknown,  particularly  those  events  which  may  link 
GAPDH  to  the  final  degradative  events  typical  of  apoptosis. 

Cell  death  by  necrosis  is  characterized  by  cell  swelling,  plasma  membrane  fracture,  nuclear  and 
mitochondrial  disruption,  rapid  ATP  depletion,  cytoplasmic  extrusion  and  the  induction  of  inflammation.  In 
contrast,  the  process  of  apoptosis  involves  cell  shrinkage,  membrane  blebbing,  nuclear  chromatin  condensation, 
nuclear  DNA  cleavage  by  endonucleases,  partial  maintenance  of  ATP  levels,  maintenance  of  organelle  and 
plasma  membrane  integrity,  loss  of  plasma  membrane  phospholipid  asymmetry,  formation  of  membrane 
wrapped  cytoplasmic  and  nuclear  bodies,  and  the  activation  of  cysteine  proteases  (caspases).  Apoptosis 
consists  of  series  of  signaling  events,  often  divided  into  three  phases;  an  initiation  phase,  an  effector  phase  and 
a  degradation  phase  [Kroemer,  1995  #34],  A  wide  variety  of  insults,  including  a  number  that  may  be  relevant  to 
human  neurodegeneration,  can  initiate  apoptosis  in  neurons  (see  [Tatton,  1997  #52;  Tatton,  1999  #45]).  A 
number  of  different  signaling  events,  comprising  what  might  be  termed  different  forms  of  apoptosis,  can  lead  to  a 
similar  constellation  of  final  degradative  events  typical  of  apoptosis.  Furthermore,  identical  insults  can  activate 
different  signaling  pathways  in  different  cell  types  (see  [Yin,  1999  #58]). 

GAPDH  catalyzes  the  conversion  of  glyceraldehyde-3-phosphate  to  1,3-bisphosphoglycerate  in  the 
glycolytic  pathway.  As  part  of  the  conversion,  GAPDH  converts  NAD*  to  the  high-energy  electron  carrier  NADH. 

A  number  of  other  functions  have  been  attributed  to  GAPDH  including  roles  in  endocytosis,  microtubule  bundling, 
viral  pathogenesis,  mRNA  regulation,  tRNA  export.  DNA  replication,  and  DNA  repair  (see  [Sirover,  1999  #59]  for 
a  review). 

GAPDH  was  initially  linked  to  neurodegeneration  by  the  finding  that  it  binds  to  the  polyglutamine  repeats  in 
the  abnormal  gene  products  in  Huntington’s  disease  and  other  inherited  CGA  repeat  disorders  [Burke,  1996  #2]. 

It  has  been  found  in  amyloid  plaques  in  AD  brains  [Sunaga,  1995  #3].  The  protein-protein  interactions  between 
GAPDH  and  huntingtin  do  not  appear  to  alter  GAPDH-mediated  glycolysis  measured  in  postmortem  HD  brain 
tissue  [Kish,  1998  #61;  Browne,  1997  #60],  so  that  any  role  that  GAPDH  played  in  HD  seems  unrelated  to 
glycolysis. 

GAPDH  mRNA  and  protein  levels  were  found  to  increase  during  apoptosis  caused  by  reduction  of  media  K* 
[Sunaga,  1995  #3],  exposure  to  cytosine  arabinoside  [Ishitani,  1997  #4]  and  aging  of  cultured  cerebellar  granule 
neurons  and  cerebrocortical  neurons  [Ishitani,  1996  #5].  We  found  similar  upregulation  of  GAPDH  levels  in 
neuronally  differentiated  PC12  cells  entering  apoptosis  caused  by  serum  and  NGF  withdrawal.  GAPDH 
upregulation  has  also  been  found  in  apoptotic  thymocytes,  undifferentiated  PC12  cells,  and  HEK293  cells  [Sawa, 
1997  #6).  Antisense  oligonucleotides  against  GAPDH  mRNA  have  been  shown  to  block  forms  of  apoptosis 
involving  GAPDH  upregulation  [Sawa,  1997  #6;  Chen,  1999  #7;  Ishitani,  1996  #8]. 

Western  blots  and  immunocytochemistry  have  shown  the  accumulation  GAPDH  in  the  nuclear  fraction  or  in 
nuclei  respectively  in  apoptosis  involving  GAPDH  upregulation  [Saunders,  1997  #9;  Sawa,  1997  #6;  Saunders, 
1999  #10;  Cartile,  2000  #35],  in  normal  cells,  GAPDH  is  concentrated  in  the  extranuclear  cytosol  and  only  a 
small  amount  is  localized  in  the  nucleus.  We  found  that  the  nuclear  GAPDH  is  bound  to  a  translational  control 
protein,  promyelocytic  leukemia  protein  (PML)  [Carlile,  1998  #12],  in  so-called  PML  nuclear  bodies  [Matera,  1999 
#62;  Bloch,  1999  #13].  PML  overexpression  has  been  shown  to  induce  a  form  of  apoptosis,  which  involves  BAX, 
but  is  independent  of  caspase  activation  [Quignon,  1998  #14]. 

Relevant  Aspects  Of  GAPDH  Biochemistry-  GAPDH  has  been  shown  to  bind  to  tubulin  in  vitro  [Huitonel, 
1985  #15;  Volker,  1997  #16],  but  only  when  GAPDH  is  in  its  tetrameric  form  [Carlile,  2000  #35].  More 
importantly,  tetrameric  GAPDH  binds  to  the  5’-UTR  and  3’-UTR  regions  of  mRNA  (i.e.  to  the  AU  rich  portions  of 
RNA)  [Nagy,  1995  #17],  The  AUUA  RNA  binds  to  the  Rossman  fold  region  of  GAPDH,  the  site  of  its  glycolytic 
activity.  The  binding  to  the  cis-acting  RNA  elements  important  in  the  stability  and  translation  of  mRNA  have  led  to 
the  hypothesis  that  GAPDH  plays  a  role  in  translational  regulation,  which  is  strengthened  by  our  finding  that 
GAPDH  binds  nuclear  PML  [Carlile,  1998  #12].  Other  works  have  suggested  that  nuclear  GAPDH  acts  directly 
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on  transcription  [Zang,  1998  #63], 

Both  nitric  oxide  (NO)  and  superoxide  radical  have  been  shown  to  release  GAPDH  from  AU-rich  RNA 
binding  [Itoga,  1997  #18;  Beckman,  1996  #19;  Borne,  1995  #20;  Bone,  1996  #22;  Mohr,  1996  #23].  Similarly, 
NAD+  can  release  GAPDH  from  AU-rich  RNA  binding  [McDonald,  1994  #24;  Nagy,  1995  #17;  Gabellieri,  1996 
#26],  Since  AU-rich  RNA  bound  GAPDH  cannot  contribute  to  glycolysis,  increased  NAD*  may  free  GAPDH  and 
then  be  converted  to  NADH.  Similarly  NO  and  superoxide  radical  may  increase  the  proportion  of  GAPDH 
available  for  glycolysis.  Therefore,  we  questioned  whether  high  levels  of  NO,  superoxide  radical  or  NAD+  can 
free  GAPDH  from  AU-rich  RNA  binding  and  thereby  make  GAPDH  available  to  contribute  to  apoptosis. 

Although  mitochondria  are  central  to  oxidative  phosphorylation,  they  also  contribute  to  generation  of  reactive 
oxygen  species  (ROS),  control  of  intracellular  Ca2*  levels,  and  apoptosis  signaling  (see  (16,  24)).  The 
mitochondrion  is  a  double  membraned  organelle.  Four  multi-protein  respiratory  complexes  (MtCxs  I  to  IV),  ATP 
synthase  and  the  adenine  nucleotide  transporter  (ANT)  are  located  within  the  inner  membrane  and  are  involved 
in  oxidative  phosphorylation.  Other  components  involved  in  the  transfer  of  the  electrons  necessary  for  oxidative 
phosphorylation  are  ubiquinone  and  holocytochrome  C  (cytC).  Sequential  extraction  of  electron  energy  provides 
for  outward  proton  pumping  at  MtCxs  I,  III,  and  IV.  The  resulting  proton  concentration  gradient  causes  an 
electrochemical  potential  across  the  inner  mitochondrial  membrane,  reflected  by  a  pH  gradient  and  a  potential 
difference,  termed  the  mitochondrial  membrane  potential  (A'Fm)  (24).  A'Fm  drives  the  phosphorylation  of  ADP  to 
ATP  by  ATP  synthase  (25)  and  decreases  in  A'Fm  can  be  an  early  marker  for  some  forms  of  mitochondrially 
dependent  (MtDep)  apoptosis  signaling  (see  (14)  for  a  review). 

The  mitochondrial  permeability  transition  pore  complex  (PTPC)  involves  proteins  and  factors  in  the 
mitochondrial  matrix,  the  inner  membranous  space,  and  the  outer  membrane  (see  (26,  27)  for  more  details). 
Proteins  known  to  participate  in  the  PTPC  include:  a)  the  ANT,  which  exchanges  ADP  and  ATP  between  the 
mitochondrial  matrix  and  the  extra-mitochondrial  space;  b)  a  putative  chaperone,  cyclophilin  D  (cyD);  c)  a  porin 
molecule  localized  to  the  outer  mitochondrial  membrane,  a  possible  voltage  dependent  anion  channel  (VDAC);  d) 
hexokinase-2,  a  glycolytic  enzyme;  e)  creatine  kinase,  which  reversibly  converts  ATP  plus  creatine  to 
phosphocreatine  +  ADP;  f)  a  peripheral  benzodiazepine  binding  protein;  g)  BAX  and  related  pro-apoptotic 
proteins  like  BAD;  and  h)  BCL-2  or  BCL-Xl,  which  are  anti-apoptotic  proteins. 

The  protein-protein  interactions  between  the  components  of  the  PTPC  are  controversial.  It  can  be  defined 
as  a  voltage-dependent,  cyclosporin  A  (CSA)  sensitive,  high  conductance  membrane  channel  (28)  and 
appears  to  open  in  two  states:  a  transient  low  conductance,  ion  selective  state  and  a  sustained,  high 
conductance,  non  selective  state,  which  allows  passage  of  solutes  up  to  1.5  kD  (see  (29)  for  details). 

Sustained  opening  results  in  A'tVdissipation  due  to  proton  influx,  and  the  efflux  of  Ca2+,  metabolites,  and  other 
small  molecules  from  the  matrix.  Mitochondrial  respiration  is  decreased  due  to  loss  of  pyridine  nucleotide 
linked  substrates  from  the  matrix  (30).  Osmotic  swelling  of  mitochondria  can  produce  membrane  fracture. 

PTPC  conformation  is  influenced  by  A'Fm  -  high  A'Fm  favors  closure,  while  a  decreased  A'Fm  increases 
probability  of  PTPC  opening  (31).  Ca2*  binding  to  the  matrix  side  of  the  PTPC  is  a  required  for  opening. 

PTPC  closure  results  from  the  binding  of  CSA  to  cyD,  which  prevents  cyD  from  interacting  with  the  ANT 
(32-35).  Bongkrekic  acid  binding  to  the  ANT  directly  facilities  PTPC  closure.  We  and  others  have  used  PTPC- 
closing  agents  like  CSA  to  serve  as  indicators  for  PTPC  participation  in  different  forms  of  apoptosis  (see  (36) 
and  (23),  appended). 

Members  of  the  BCL-2  family  of  proteins  mediate  part  of  their  pro-  or  anti-apoptotic  actions  by  localizing  to 
mitochondrial  membranes,  in  part  through  the  PTPC  (see  (37,  38)).  The  association  of  BCL-2  or  BCL-Xl  with 
the  PTPC  facilitates  PTPC  closure  and  maintenance  of  A'Fm  (39-41 ).  A  BCL-2  family  member,  BAD  forms 
heterodimers  with  BCL-2  or  BCL-Xl  and  inactivates  the  anti-apoptotic  actions  of  BCL-Xl  and  possibly  BCL-2 
(42-45).  Binding  of  BAX  dimer  to  the  ANT  increases  mitochondrial  permeability,  possibly  by  PTPC  opening  (37, 
46). 

We  have  shown  that  early-apoptotic  decreases  in  A'Fm  are  a  feature  of  apoptosis  caused  by  NGF  and  serum 
withdrawal  in  cultured  neural  cells  (17)  and  similar  early  decreases  in  A'Fm  have  been  reported  for  apoptosis 
initiated  by  a  wide  variety  of  insults  (see  (14)  for  a  detailed  review).  Not  all  forms  of  apoptosis  involve  decreases 
in  A'Fm  •  For  example,  apoptosis  induced  by  staurosporine  in  cultured  hippocampal  cells  (47)  did  not  involve  A'Fm 
decreases  (5),  while  staurosporine  induced  apoptosis  in  P6  cells  did  involve  early  apoptosis  decreases  in  A'Fm 
(48). 

At  least  two  factors,  released  from  mitochondria,  signal  for  apoptotic  degradation,  cytC,  and  apoptosis 
initiation  factor  (AIF),  a  50  kD  fiavoprotein.  CytC  interacts  with  Apaf-1  (49-51),  dATP/ATP  and  procaspase  9  to 
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form  a  complex  known  as  the  apoptosome,  in  which  procaspase  9  is  converted  to  caspase  9  (schematized  in 
figure  1 ).  Caspase  9  converts  procaspase  3  to  active  caspase  3.  The  apoptosome  seems  to  function  as  a  multi- 
caspase  activating  complex  (see  (51 )).  Activated  caspase  3  in  turn  activates  DNA  fragmentation  factor  (52),  an 
endonuclease  activator  that  enables  DNA  cleavage  and  also  cleaves  other  proteins  such  as  lamin,  and  fodrin 
(49).  AIF  induces  DNA  loss,  peripheral  chromatin  condensation  and  digestion  of  chromatin  into  50  kbp-fragments 
(53).  The  caspase-3  inhibitor  ZVAD-Fmk  inhibits  chromatin  condensation  induced  by  AIF.  Pro-caspase  2  and  9, 
have  been  found  in  the  intermembranous  space  of  mitochondria  (54)  and  their  microinjection  of  can  induce 
apoptotic  nuclear  degradation.  The  release  of  cytC  was  initially  proposed  to  be  independent  of  PTPC  opening 
and  decreased  A*FM  (55-57).  The  interpretations  of  those  studies  have  been  found  to  be  complicated  by  technical 
considerations  related  to  the  measurement  of  A^m  (see  (30)  for  details).  Furthermore,  similar  to  earlier  findings 
in  isolated  mitochondria  (41,  58),  several  studies  of  mitochondria  in  situ  have  shown  that  PTPC  opening  and 
decreased  A'Fm  can  be  associated  with  the  induction  of  apoptotic  degradation  in  models  (59,60),  including 
apoptosis  induced  by  the  PD-like  toxin  MPP*  (22).  Examination  of  individual  mitochondria  in  situ  using  laser 
confocal  scanning  microscopy  (LCSM)  has  shown  that  decreased  a'Pm  can  accompany  cytC  release  into  the 
cytosol  (48). 

Mitochondrial  BCL-2  can  block  the  release  of  the  mitochondrial  factors  that  signal  for  apoptotic  degradation, 
possibly  due  to  its  capacity  to  facilitate  PTPC  closure  and  maintain  a'Fm  (see  (27)  for  a  detailed  and  recent 
review  of  the  role  of  the  PTPC  in  cell  death).  BCL-Xl  has  a  similar  capacity  (61).  Mitochondrial  BAX  is  necessary 
for  cytC  release  in  some  systems  (62-64).  Caspase-activated  BID  also  facilities  cytC  release  (61).  Accordingly, 
the  demonstration  of  increases  in  mitochondrial  BAX  levels,  increased  extra-mitochondrial  cytC  levels, 
decreased  mitochondrial  BCL-2  or  BCL-Xl  levels,  decreased  A'Pm  and  caspase  3  activation  can  together  serve 
as  markers  of  MtDep  apoptosis  signaling. 


REPORT  OF  PROGRESS 


We  have  produced  seven  clones  that  overexpress  GAPDH  according  to  a  Tet-Low  system  (see  for  details  of 
our  previous  use  of  the  system  to  express  p53  in  bladder  cancer  cells  [Sugrue,  1997  #64;  Sugrue,  1999  #28]). 
The  rat  brain  cDNA  that  we  cloned  for  the  construction  of  the  green  fluorescent  protein-GAPDH  was  used  with 
the  Tet-low  system  (see  [Shashidharan,  1999  #40]  for  details  of  the  cDNA).  We  have  produced  7  stable  PC12 
clones  that  overexpress  GAPDH  in  response  to  a  sudden  decrease  in  media  tetracycline  (tet)  concentration,  (see 


figure  1). 

In  at  least  one  of  the  clones,  increased  GAPDH  levels  seem  to  induce  spontaneous  apoptosis  in  the  cells 
and  increase  the  cells'  vulnerability  to  several  insults  that  induce  apoptosis  (see  figure  1).  We  have  obtained 
similar  estimates  of  increased  GAPDH  protein  using  LCSM  fluorescence  measurements  of  GAPDH 
immunoreactivity  (see  [Cariile,  2000  #35]  for  details  of  the  cell  preparation).  With  a  complete  withdrawal  of  tet 
there  is  a  225%  increase  in  average  GAPDH  immunofluorescence  in  the  cytoplasm  and  a  178%  increase  in 
average  GAPDH  immunofluorescence  levels  in  the  nuclei  at  6  hours  after  the  tet  withdrawal  (see 
immunofluorescence  distributions  in  figure  2).  The  levels  of  increase  in  GAPDH  appear  similar  to  that  found  in 
the  PC12  cells  at  6  hours  and  24  hours  after  serum  and  NGF  withdrawal  (see  figure  9  below  taken  from  [Cariile, 
2000  #35]  appended). 

exposed  to:  added  MEM  as  a  control,  0.15  mM  H2O2 
(concentrations  of  0.10-0.25  pM  H2O2  induce  apoptosis  in 
the  ceils,  see  below)  or  100  pM  MPP*  (see  [Chalmers- 
Redman,  1 999  #43]  for  details  of  our  initiation  of  apoptosis 
in  the  neuronally-differentiated  PC12  cells  with  this 
concentrations  of  MPP*  ).  The  three  groups  of  cells  were 
matched  with  three  groups  that  were  maintained  in  tet(+). 
Two  further  groups  in  either  tet  (+)  or  tet(-)  were  washed 
repeatedly  to  remove  the  trophic  support  offered  by  serum 
factors  and  NGF  (seejWadia,  1998  #49]  for  details  of  the 
apoptosis  initiated  by  this  procedure).  One  group  was 
returned  to  MEM  with  serum  and  NGF  as  a  control  and 
the  other  was  placed  in  MEM  only.  The  24  hours  in  tet(-) 
markedly  increased  GAPDH  levels  compared  to  tet(+) 
cells  as  shown  in  the  western  blot  in  A.  The  tet  (-)  cell 
maintained  in  MEM  with  serum  and  NGF  without  washing 


Figure  1  -PC12  cells  were  differentiated  in 
minimum  essential  media  (MEM)  with  serum  and  NGF 
plus  high  tet  (tet(+))  for  5  days  in  order  to  neuronally- 
differentiate  the  cells  (see  [Tatton,  1994  #57;  Wadia,  1998 
#49]  for  details).  On  the  sixth  day  (24  hours  in  low  tet  (tet(- 
)),  three  groups  of  cells  in  MEM  with  serum  and  NGF  were 
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showed  a  decrease  of  about  45%  compared  to  the  tet(+) 
cells.  Furthermore,  the  tet  (-)  cells  showed  greater  net 
losses  to  H202,  MPP*  and  serum+NGF  withdrawal  than 
the  tet(+)  cells.  This  data  appears  to  show  that  the 


increased  GAPDH  expression  in  the  tet  (-)  cells  induces 
spontaneous  apoptosis  and  increases  the  cells' 
vulnerability  to  apoptosis  induced  by  to  H2O2,  MPP  and 
serum+NGF  withdrawal. 


Tdf.Mucl. 


Figure  2  -  GAPDH  overexpression  using  the  Tet(-)- 
system  in  neuronally-differentiated  PC12  cell.  Abscissae 
show  levels  of  GAPDH  immunofluorescence  in  LCSM 
detector  units  while  ordinates  show  percentages  of  cells. 


An  increased  proportion  of  the  tet(-)  cells  (approximately  11%  compared  to  less  than  1%  for  tet(+)  cells) 
showed  dense  nuclear  GAPDH  immunoreaction,  which  is  reflected  in  the  average  nuclear  GAPDH 
immunofluorescence  in  figure  2. 

We  and  others,  have  reported  that  a  decrease  in  A^m  is  a  very  early  event  in  some  forms  of  apoptosis  and 
precedes  the  onset  of  apoptotic  nuclear  degradation.  Others  measured  whole  cell  mitochondrial  potentiometric 
dye  fluorescence  using  fluorescence  flow  cytometry  (FFC)  (see  [Susin,  1998  #65]  for  a  review),  while  we  have 
imaged  individual  mitochondria  in  situ  using  LCSM  (see  [Grant,  1999  #66;  Chalmers-Redman,  1999  #43; 
Sugrue,  1999  #28;  Jing,  1999  #37;  Wadia,  1998  #49]). 

The  validity  of  the  use  of  some  potentiometric  dyes  to  measure  A^m  has  recently  been  questioned, 
particularly  rhodamine-1,2,3  (R123)  [Metivier,  1998  #67]  and  dyes  which  bind  to  mitochondrial  thiols  like 
chloromethyl-X-rosamine  (CMXRos  or  mitotracker  red)  and  chloromethyltetramethy!  rosamine  (CMTMR  or 
mitotracker  orange)  [Gilmore,  1999  #68;  Scorrano,  1999  #69], 

Kroemer  and  colleagues  [Metivier,  1998  #67]  examined  the  utility  of  a  variety  of  possible  mitochondrial 
potentiometric  dyes  using  m-chlorophenylhydrazone  (CCCP),  a  protonophore,  to  deplete  the  mitochondrial 
proton  gradient  and  therefore  the  ATM.  They  examined  DiOC6,  R123,  CMXRos,  tetramethytrhodamine 
methylester  (TMRM),  mitotracker  green  (MG)  and  nonyi-acridine  orange  (NOA).  CMXRos  contains  a 
chloromethyl  moiety  that  binds  to  matrix  thiols  and  is  structurally  very  similar  to  CMTMR,  which  we  have  used  in 
some  of  our  studies.  MG  differs  markedly  in  structure  from  CMXRos  and  CMTMR  (Molecular  Probes  Handbook 

of  Fluorescent  Porbes  and  Research  Chemicals,  6th  ed.1996). 

increasing  concentrations  of  ATR  from  2.5  (A2),  10  (A3) 
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Figure  3  -  Distributions  of  in  situ  laser  confocal 
scanning  microscopy  (LCSM)  measurements  of 
mitochondrial  membrane  potential  (AS'm)  in  neuronally- 
differentiated  PC12  ceils  with  CMTMR  for  varying 
concentrations  of  atractyloside  (ATR)  and  comparison  of 
estimation  between  FFC  and  in  situ  LCSM  measurement. 
A1  shows  a  typical  distribution  of  CMTMR  fluorescence  in 
cells  supported  by  serum  and  NGF.  The  addition  of 


and  20  (A4)  mM  causes  a  progressive  shift  of  the  CMTMR 
fluorescence  distributions  to  lower  values  and  a 
progressive  narrowing  of  the  distributions.  These  data  are 
consistent  with  an  increasing  proportion  of  mitochondria 
having  dissipated  their  proton  gradients  and  therefore  a^m 
due  to  PTP  opening  and  demonstrates  the  AH'm 
sensitivity  of  the  in  situ  LCSM  measurement  of  CMTMR 
fluorescence.  For  B1-C4,  cerebellar  granule  neuron 
cultures  were  exposed  to  varying  concentrations  of  the 
protonophore  FCCP  in  order  to  induce  the  leakage  of 
protons  from  mitochondria  and  thereby  reduce  AHV  B1- 
B4  show  typical  examples  for  FFC  analysis  while  C1-C4 
show  values  obtained  using  LCSM  measurement  of 
mitochondrial  profiles.  Both  methods  revealed  graded 
decreases  in  fluorescence  with  increasing  FCCP 
concentrations.  The  in  situ  LCSM  distributions  revealed  a 
greater  dynamic  range  than  FFC  for  a  given  increase  in 
FCCP  concentration. 


They  exposed  cells  to  Fas  ligand  to  induce  apoptosis  and  CCCP.  By  comparing  the  fluorescence  changes 
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induced  by  Fas  ligand  exposure  and  proton  dissipation  by  CCCP,  they  were  able  to  assess  the  relative  sensitivity 
of  the  different  dyes  to  changes  in  A 4V  They  found  that  NAO  and  MG  were  completely  insensitive  to  A4V  while 
CMXRos  and  TMRM  were  very  sensitive.  DiOC6  showed  a  lower  degree  of  sensitivity  while  R123  showed  an 
inappropriate  increase  in  fluorescence  in  response  to  decreases  in  A4V  Accordingly,  it  is  most  important  to 
choose  an  optimal  dye  for  A'Fm  measurements. 

Recently,  A^m  measurement  using  CMXRos  were  examined  [Gilmore,  1999  #68].  it  was  found  that  the  dye 
leaked  out  of  mitochondria,  if  it  was  left  in  place  for  an  extended  period  of  time.  The  leakage  was  considered  to 
result  from  opening  of  the  PTP  by  CMXRos.  Since  a  chloromethyl  moiety  on  the  dye  fixes  it  to  protein  in  the 
mitochondrial  matrix,  the  authors  found  that  early  fixation  of  the  dye  provided  for  accurate  A'Pm  values.  CMTMR 
has  been  found  to  have  a  similar  action  on  PTP  opening  and  to  inhibit  mitochondrial  complex  I  at  high 
concentrations  [Scorrano,  1999  #69]. 

In  order  to  evaluate  CMTMR,  we  have  now  employed  similar  comparisons  to  those  of  Kroemer  et  al.  using 
atractyloside,  which  opens  the  PTP  and  dissipates  A4V  and  FCCP,  which  also  dissipates  A4V  similar  to  CCCP. 
We  evaluated  CMTMR,  both  with  LCSM  measurements  of  ATm  and  those  provided  by  FFC.  Figures  3A1-3A4 
demonstrate  the  sensitivity  of  LCSM  in  situ  measurements  of  CMTMR  fluorescence  to  progressive  reductions  in 
the  proton  gradient  induced  by  increasing  concentrations  of  atractyloside.  We  have  also  compared  the  sensitivity 
of  the  dyes  to  changes  in  a'Fm  induced  by  FCCP  examined  by  LCSM  in  situ  measurements  and  to  those 
obtained  by  FFC  analysis  (figure  3B1-3C4).  Both  methods  showed  graded  decreases  in  fluorescence  in 
response  to  increasing  concentrations  of  agents  that  dissipate  A4V  The  LCSM  measurements  offered  a  greater 
dynamic  range  over  which  to  evaluate  A'I'm  than  FFC. 

We  have  found  that  the  key  aspect  of  using  CMTMR  relates  to  the  time  the  cells  are  incubated  with  the  dye 
and  the  concentration  of  the  dye  that  is  used.  We  carried  out  experiments  in  which  cells  were  treated  with  varying 
concentrations  of  atractyloside  or  FCCP  as  above,  followed  by  incubation  with  varying  concentrations  of  CMTMR 
for  varying  lengths  of  time  before  fixation  (10  minutes  to  3  hours).  We  found  that  CMTMR  incubation  for  periods 
exceeding  30  minutes  resulted  in  a  progressive  decrease  in  a'J'm-  By  3  hours  virtually  all  LCSM  measurements 
showed  distributions  that  were  similar  to  those  for  the  highest  concentrations  of  atractyloside  or  FCCP  (i.e.  when 
the  proton  gradients  have  been  maximally  compromised  by  PTP  opening).  We  found  that  100  nM  CMTMR 
concentrations  and  CMTMR  incubation  times  before  fixation  at  IS  minutes  offered  the  greatest  sensitivity 
of  the  dye  to  changing  atractyloside  or  FCCP  concentrations. 

We  then  compared  the  sensitivity  of  CMTMR  using  the  above  fixation  procedures  to  TMRM  and  the  527  nm 
wavelength  of  JC-1  in  living  cells.  We  used  both  LCSM  and  FFC  measurements.  Both  dyes  are  widely  used  to 
measure  a'Fm  in  living  cells  (see  [Wadia,  1998  #49]  for  our  use  of  JC-1).  We  found  that  TMRM  and  JC-1  offered 
similar  sensitivity  to  changing  atractyloside  or  FCCP  concentrations  but  that  both  agents  offered  less  sensitivity 
than  CMTMR  measurements. 

Use  of  dyes  possessing  a  chloromethyl  moiety,  like  CMXRos  and  CMTMR,  might  also  be  criticized  in  models 
using  agents  like  MPP*  or  glutamate  that  could  alter  the  oxidative  state  of  mitochondrial  matrix  thiols.  Increased 
oxidation  of  matrix  thiols  might  alter  the  binding  of  the  dyes  and  invalidate  fluorescence  measurements.  We 
examined  the  effect  of  pre-exposure  of  cells  to  MPP’ on  LCSM  CMTMR  fluorescence  reductions  caused  by 
atractyloside  [Chalmers-Redman,  1999  #43].  We  did  not  find  changes  in  CMTMR  fluorescence  for  pre-exposure 
to  a  range  of  MPP+  concentrations,  which  seemed  to  indicate  that  short  incubation  times  and  low  CMTMR 
concentrations  preserve  the  graded  nature  of  CMTMR  A4>M  measurements,  even  with  agents  that  induce 
increased  concentrations  of  mitochondrial  matrix  oxidative  radicals. 

We  have  carried  out  experiments  in  which  the  changes  in  CMTMR  fluorescence  were  compared  to  those  for 
JC-1  in  identically  prepared  cells  (see  [Wadia,  1998  #49]  for  an  example).  JC-1  is  a  dual  emission  dye  reported 
to  offer  high  sensitivity  to  changes  in  A'Fm  [Reers,  1995  #70;  Salvioli,  1997  #71;  Smiley,  1991  #72].  In  those 
experiments,  values  obtained  with  the  two  dyes  followed  the  same  trends.  Given  the  controversy  surrounding  the 
use  of  various  dyes  for  A'Fm  measurement,  we  now  routinely  use  both  CMTMR  and  JC-1  in  all  experiments  and 
plan  to  do  so  in  the  proposed  studies. 

We  have  previously  shown  that  margination  of  nuclear  histone  immunoreactivity  occurs  in  association  with 
nuclear  DNA  cleavage  and  nuclear  chromatin  condensation  (see  [Wadia,  1998  #49]).  We  have  now  examined 
the  temporal  relationships  between  histone  margination.  nuclear  chromatin  condensation  and  nuclear  DNA 
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cleavage  in  cerebellar  granule  neuron  (CGn)  apoptosis  caused  by  exposure  to  glutamatergic  agonists  or  to 
reduced  K+.  We  have  found  that  DNA  condensation  occurs  in  four  stages:  stage  1 )  condensation  of  DNA  around 
the  outer  border  of  the  nucleus  (examples  labeled  1  in  figure  4B1);  stage  2)  DNA  condensation  involves  the 
whole  nucleus  (examples  labeled  2  in  figure  4B1and  B2);  stage  3)  shrinkage  of  the  condensed  DNA  with  the 
appearance  of  cracks  or  breaks  in  the  nuclei  (examples  labeled  3  in  4B1  and  B2);  and  stage  4)  the  formation  of 
multiple  spherical  nuclear  bodies  of  condensed  DNA  (not  shown).  Histone  margination  surrounds  the  areas  of 
condensed  DNA  in  stages  1  and  2.  DNA  fragmentation  appears  during  stage  2.  The  histone  margination  may 
correspond  to  changes  of  the  structure  of  HI  histones  that  have  been  reported  to  occur  in  association  with  DNA 
fragmentation  in  apoptosis. 

In  order  to  determine  whether  cells  have  entered  the  phase  of  nuclear  apoptotic  degradation  in  the 
proposed  studies,  we  have  employed  three  separate  measures  as  shown  in  figure  4: 1)  the  demonstration  of 
DNA  chromatin  condensation  using  YOYO-1  staining,  2)  demonstration  of  DNA  fragmentation  using  in  situ  end 
labeling  (ISEL)  of  DNA  with  BODIPY-dUTP,  and  3)  demonstration  of  histone  margination  using  immunoreaction 
with  anti-histone  antibodies.  Use  of  ISEL  alone  can  produce  false  positives,  while  the  combination  of  multiple 
markers  of  apoptosis  in  the  same  nuclei  greatly  increases  confidence  in  the  findings  [Tatton,  1998  #47;  Tatton, 
1997  #51], 
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gure  4  -  LCSM  images  of  CGns  12  hours  after  exposure  to  5  x 
s  M  NMD  A.  Each  horizontal  row  of  images  was  taken  for  an 


margination  of  histone  immunoreaction  (Cl).  Nuclei  without 
evidence  of  DNA  condensation  or  fragmentation  show  a  pattern 
of  histone  immunoreaction  that  extends  across  the  whole 
nucleus.  In  apoptotic  nuclei,  the  histone  immunoreaction 
surrounds  the  fragmented  and  condensed  DNA  but  does  not  co¬ 
localize  with  either  (Dl).  Examination  of  a  large  number  of  cells 
has  shown  that  DNA  condensation  proceeds  according  to  4 
stages  (examples  of  stages  1,  2  and  3  are  shown  in  B1  and  B2).  In 
the  right  hand  panels  of  rows,  Dl  and  D2,  the  images  in  B1  or  B2 
and  Cl  or  C2  have  been  colored  red  and  green  respectively  and 
then  added.  Regions  in  the  added  images  that  are  red  or  green 
indicate  no  spatial  overlap  while  yellow  -green,  yellow  or  orange 
coloration  indicate  varying  levels  of  spatial  overlap.  The  added 
figures  show  that  histone  margination  surrounds  condensed 
DNA  areas  in  stage  1  and  stage2  but  not  in  stage  3.  DNA 
fragmentation  is  not  evident  until  stage  2  and  is  co-extensive 


entical  field.  DNA  chromatin  condensation  revealed  with  with  condensed  DNA. 

OYO-1  (B1  and  B2),  and  DNA  fragmentation  revealed  with 
EL  using  BODIPY-dUTP  (C2),  is  accompanied  by  the  nuclear 
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Figure  5  -Western  blots  for  BAX  immunoreactivity  in  PCI  2  cell  nuclear,  mitochondrial  and  cytosolic  subcellular  protein 
fractions  at  3,  6,  9  and  12  hours  after  NGF  and  serum  withdrawal  (right  hand  blot  labeled  MEM  Only)  versus  control  cells  that 
were  washed  and  replaced  in  serum  and  NGF  (left  hand  blot  labeled  MEM  with  Serum  and  NGF)).  Note  that  BAX 
immunoreactivity  is  concentrated  in  the  nuclear  and  cytosolic  subfractions  with  relatively  lower  levels  of  mitochondrial 
subcellular  fraction  in  control  ceils.  In  contrast,  BAX  immunoreactivity  is  decreased  in  the  nuclear  and  cytosolic  subtractions 
but  markedly  increased  in  the  mitochondrial  subtraction  after  NGF  and  serum  withdrawal. 
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Figure  6  -  Co-lmmunoprecipitaion  studies  show  that  the 
AdNtr  co-immunoprecipitates  with  BCL-2  but  not  BAX  in 
control  cells  maintained  in  serum  and  NGF  for  6  hours 
after  washing  (upper  blot).  In  contrast,  in  cells  entering 
apoptosis  at  6  hours  after  serum  and  NGF  withdrawal,  the 
AdNtr  co-immunoprecipitates  with  BAX  but  not  BCL-2. 
These  findings  are  in  keeping  with  reports  that  BAX  binds 
to  the  AdNtr  in  apoptosis.  It  is  the  first  demonstration  of  a 
BAX-BCL-2  exchange  at  the  AdNtr.  The  changing  co- 
immunoprecipitation  does  not  mean  that  BAX  and  BCI-2 
bind  at  the  same  site  on  the  AdNtr  but  rather  that  they  do 
not  bind  to  the  protein  at  the  same  time. 


We  have  used  western  blots  for  subcellular  protein  fractions,  co-immunoprecipitation  and  LCSM 
immunocytochemistry  to  show:  1)  that  BAX  accumulates  in  mitochondria,  and  co-localizes  and  binds  with  AdNtr 
protein  in  early  apoptosis  (see  figures  4,  5,  6  and  7)  in  association  with  a  marked  decrease  in  A'Pm  (see  figure  8). 
The  movement  to  mitochondria  is  not  associated  with  a  general  cellular  increase  in  the  level  of  BAX  (see  figures 
4);  2)  that  BCL-2,  normally  bound  to  the  AdNtr,  shows  decreased  binding  in  early  apoptosis  in  association  with  a 
decrease  in  A'FM(see  figure  5).  The  decrease  in  BCL-2  binding  to  the  AdNtr  is  associated  with  a  decrease  in 
BCL-2  immunoreactivity  that  co-localizes  with  mitochondria;  3)  that  Hx  normally  binds  to  porin  and  leaves  porin 
early  in  apoptosis  in  association  with  a  decrease  in  A'Fm  (not  illustrated);  and  4)  an  increase  in  mitochondrial  CK 
occurs  early  in  apoptosis,  in  association  with  a  decrease  in  ATm  (not  illustrated).  The  CK,  which  accumulates  in 
mitochondria  during  apoptosis,  co-localizes  with  BAX.  We  propose  that  these  dynamics  in  protein  interactions 
and  subcellular  localization  may  be  fundamental  to  the  control  of  PTP  opening  and  closing. 


Figure  7  -  Biotin  immunoreaction  marks  mitochondrial 
carboxylases  independently  of  A'Fm  and  co-localizes  with 


increased  BAX  in  cerebellar  granule  neurons  (CGns)  that 
have  been  maintained  in  culture  for  7  days  and  are 
entering  apoptosis  caused  by  reducing  media  potassium. 
The  arrow  shows  a  CGn  with  chromatin  condensation  and 
high  levels  of  mitochondrially-localized  BAX 
immunoreactivity.  Other  CGns  without  apoptotic  nuclear 
degradation  show  lower  levels  of  mitochondrial  BAX 
immunoreactivity.  The  colored  image  was  generated  by 
coloring  image  A  green  and  image  B  red  and  then  adding 
the  images.  Red  or  green  indicate  loci  where  BAX  and 
biotin  do  not  co-localize  while  orange  and  yellow  indicate 
loci  of  increasing  relative  co-localization  (see  [Sugrue, 

1 999  #28)  for  details). 


A  variety  of  evidence  has  shown  that  BCL-2  (or  BCL-Xl)  binds  at  or  near  to  the  PTP  and  that  the  binding 
facilitates  PTP  closure  and  therefore  reduces  the  release  of  mitochondrial  factors  causing  apoptotic  degradation 
[Zamzami,  1998  #87],  In  contrast,  BAX  forms  dimers  and  its  binding  to  the  PTP  at  the  AdNtr  appears  to  facilitate 
PTP  opening  and  therefore  apoptosis  [Marzo,  1998  #73;  Marzo,  1998  #74]. 

All  of  the  changes  in  protein  subcellular  localization  and  PTP  protein-protein  interactions  shown  here  were 
determined  for  apoptosis  induced  by  NGF  and  serum  withdrawal  in  neuronally  differentiated  PCI  2  cells  and  after 
reduced  K*  in  CGns.  It  is  not  known  whether  GAPDH  upregulation  or  nuclear  accumulations  play  any  role 
in  those  changes  in  levels,  subcellular  localization  and  protein-protein  interactions. 
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Figure  8-  CMTMR  fluorescence  and  BAX  immunoreaction 
do  not  co-localize  in  CGns  that  have  been  maintained  in 
culture  for  7  days  and  are  entering  apoptosis  or  are 
undergoing  apoptotic  nuclear  degradation  caused  by 
reducing  media  potassium.  The  arrows  show  a  CGn  with 
chromatin  condensation  that  expresses  high  levels  of 
punctate  BAX  immunoreactivity  and  an  apparent  loss  of 
A'Fm  as  indicated  by  CMTMR  fluorescence.  Other  CGns 
without  apoptotic  nudear  degradation  do  not  show  BAX 
immunoreactivity  that  co-localizes  with  CMTMR 
fluorescence.  The  colored  image  was  generated  as 
described  above.  Red  or  green  indicate  lod  where  BAX 
and  do  not  co-localize.  The  absence  of  orange  and 
yellow  coloration  suggests  that  mitochondrial  BAX 
immunoreactivity  varies  inversely  with  A'Fm- 


Deprenyl  Related  Propargylamines  and  Neuronally  Differentiated  PC12  Cells.  We  and  others  have  shown 
that  (-)-deprenyl  related  propargylamines  can  reduce  apoptosis  in  a  variety  of  models  [Suuronen,  2000  #75; 
Boulton,  1999  #76;  Maruyama,  1999  #77;  Magyar,  1999  #78;  Gelowitz,  1999  #79;  Kragten,  1998  #80;  Maruyama, 
1998  #81;  Wadia,  1998  #49;  Paterson,  1997  #83]  and  that  it  prevents  the  decrease  in  A'Pm  that  is  an  early  feature 
of  some  forms  of  apoptosis  [Wadia,  1998  #49;  Paterson,  1998  #50],  (-)-Desmethyldeprenyl  (DES),  the  major 
metabolite  of  (-)-deprenyl,  has  been  found  to  mediate  the  anti-apoptotic  action  [Tatton,  1996  #54;  Mytilineou, 

1997  #85;  Mytilineou,  1998  #84]  and  the  maintenance  of  A¥M  (Chalmers-Redman  and  Tatton,  unpublished 
observations). 

A  tricyclic  analog  of  (-)-deprenyl,  CGP3466  (N-methyl-N-propargyl-10-aminomethyl-dibenzo{b,f}oxepin)  has 
been  shown  to  reduce  apoptosis  in  PADJU  cells  and  to  bind  to  GAPDH  in  homogenates  of  rat  hippocampus 
Kragten,  1998  #372.  We  examined  the  capacity  of  DES  and  CGP3466  to  reduce  apoptosis  in  partially  neuronally 
differentiated  PCI  2  cells  as  a  prerequisite  to  determining  whether  GAPDH  played  a  role  in  apoptosis  in  the  cells 
(see  [Carlile,  2000  #35]  appended). 


Figure  9  -  BAX  immunofluorescence  and  CMTMR 
fluorescence  were  measured  for  individual  mitochondria  in 
CGns  that  had  been  exposed  to  10'4  M  NMDA  6  hours 
earlier.  The  plot  shows  intra-mitochondrial  BAX  levels 
have  a  high  probability  of  being  at  background 
fluorescence  for  CMTMR  fluorescence  levels  exceeding 
170  arbritray  units.  In  contrast  BAX  levels  increase 
proportionally  for  CMTMR  fluorescence  levels  of  less  than 
170  arbritary  units. 


We  determined  the  relative  concentration-survival  relationships  for  (-)-deprenyl,  DES  and  CGP3466 
treated  neuronally  differentiated  PCI 2  cells  induced  into  apoptosis  by  serum  and  NGF  (figures  2A1  to  2A5).  (-)- 
Deprenyl,  DES  and  CGP3466  increase  the  numbers  of  intact  nuclei  and  to  decrease  the  numbers  of  nuclei  with 
apoptotic  degradation  (see  figure  1  in  [Carlile,  2000  #35]).  The  cells  were  treated  with  a  125l  labeled  photoaffinity 
analog  of  CGP3466  and  autoradiograms  revealed  a  number  of  bands,  including  those  at  30,  38,  50  and  70  kd 
(see  figure  2  in  [Carlile,  2000  #35]).  The  same  membranes  used  for  the  autoradiograms  were  probed  with  a 
monoclonal  antibody  against  GAPDH  and  revealed  that  the  location  of  the  38  kd  autoradiography  band 
corresponded  to  that  of  GAPDH  immunoreactivity  (see  figure  2  in  [Carlile,  2000  #35]  appended)..  Accordingly, 
we  concluded  that  CGP3466  bound  to  GAPDH  in  the  NGF  and  serum  withdrawn  PC12  cells  in  a  similar  manner 
to  that  found  for  rat  hippocampus. 
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Figure  10.  GAPDH  levels  increase  in  neuronally  differentiated  PC12  cells  after  serum  and  NGF  withdrawal.  DES  and 
CGP346S  prevent  the  increase  in  GAPDH  levels.  A1  and  A2.  Western  blots  for  two  identical  experiments  -  M/S+N,  cells 
were  washed  and  then  replaced  in  MEM  with  serum  and  NGF  as  a  control;  M/O,  cells  were  washed  and  placed  in  MEM  only 
to  induce  apoptosis  by  serum  and  NGF  withdrawal.  B1 .  Similar  experiments  but  CGP3466  or  DES  were  added  to  the  MEM 
only.  Note  that  additions  blocked  the  increase  in  GAPDH  levels  Taken  from  figure  4,  [Carlile,  2000  #35]  appended 
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withdrawal.  Each  panel  shows  western  blots  for  protein 
taken  from  nuclear  (Nuclear.),  mitochondrial  (Mitoch.)  and 
cytosolic  (Cytosol.)  subcellular  fractions  at  3,  6,  9,and12 
hours  after  washing  and  then  replacement  into  MEM  with 
serum  and  NGF  as  a  control  (upper  panel)  or  placement 
into  MEM  only  to  induce  apoptosis  by  serum  and  NGF 
withdrawal  (lower  panel).  Note  the  progressive  increase  in 
nuclear  GAPDH  immunoreactivity  beginning  between  3 
and  6  hours  after  washing  and  serum  and  NGF 
withdrawal  together  with  the  maintained  increase  in 
cytosolic  GAPDH  that  was  present  at  3  hours  Taken  from 
figure  4,  [Cariile,  2000  #35]  appended. 
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Hours  after  trashing 

Figure  11.  GAPDH  progressively  increases  in  the  nuclear 
protein  fraction  at  3,  6,  9  and  12  hours  in  partially 
neuronally  differentiated  PCI 2  cells  after  serum  and  NGF 

Increased  Levels  of  GAPDH  and  GAPDH  Nuclear  Translocation  Reduced  by  Propargylamines. 

Western  blots  for  protein  extracts  from  the  same  cells  showed  that  GAPDH  levels  begin  to  increase 
markedly  and  progressively  at  2-3  hours  after  washing  and  withdrawal  of  serum  and  NGF  (figure  10A).  By  12 
hours  after  washing,  immunodensity  had  increased  to  more  than  600%  of  that  found  for  cells  that  were  washed 
and  replaced  in  serum  and  NGF.  Treatment  with  10'9  M  CGP3466  or  DES  prevented  any  increase  in  the  GAPDH 
immunodensity  (figure  10B). 

More  striking  than  the  increase  in  GAPDH  levels  in  the  cytosol  is  the  translocation  of  GAPDH  to  nucleus 
that  occurs  in  early  apoptosis  in  the  neuronally  differentiated  PC12  cells  after  serum  and  NGF  withdrawal  (figure 
11).  The  translocation  is  similar  to  that  previously  reported  for  HEK293  cells,  S49  cells,  primary  thymocytes, 

PC  12  cells  entering  apoptosis  after  a  variety  of  insults,  and  primary  cerebral  cortical  neuronal  cultures  and 
cultured  cerebellar  granule  neurons  after  cytosine  arabinoside  treatment  (see  references  above).  The  bases  for 
the  increase  in  GAPDH  levels  or  the  nuclear  translocation  are  not  known. 
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combined  image  in  which  A2.  (re-colored  red)  and  A3.(re- 
colored  green)  were  digitally  added.  The  cells  were 
washed  and  then  replaced  in  MS+N  as  a  control  (example 
at  6  hours  after  washing).  The  maintained  separation  of 
the  red  and  green  color  in  A4  shows  that  GAPDH  is 
largely  extranuciear  in  location  .  B1,  B2,  B3  and  B4.  An 
identical  series  of  LCSM  micrographs  for  cells  which  were 
washed  and  placed  in  MO  to  induce  apoptosis  by  serum 
and  NGF  withdrawal  showed  dense  GAPDH 
immunoreaction  in  the  nucleus  that  spared  the  nucleolus 
(example  at  6  hours  after  washing).  The  orange-yellow 
color  in  B4  shows  the  co-localization  of  DNA  YOYO-1 
binding  and  GAPDH  immunoreaction  and  illustrates 
typical  dense  nuclear  GAPDH  accumulation.  Cl  and  C2. 
Counts  of  cells  with  nuclei  showing  YOYO-1  stained 
chromatin  condensation  and  those  with  dense  GAPDH 
nuclear  immunoreaction,  respectively,  show  that  the 
percentages  of  nuclei  with  GAPDH  nuclear  accumulation 
was  significantly  increased  by  3  hours  after  washing  while 
the  percentages  with  apoptotic  chromatin  condensation 
did  not  begin  to  increase  until  6  hours  after  washing  and 
placement  in  MEM  only.  DES  (plots  labeled  M/DES)  and 
CGP3466  (plots  labeled  M/3466)  at  10-9  M  markedly 
decreased  the  percentage  of  nuclei  with  chromatin 
condensation  and  those  with  dense  GAPDH  nuclear 
immunoreaction.  Taken  from  figure  5,  [Carlile,  2000  #35] 
appended. 


Counts  of  nuclei  with  dense  GAPDH  accumulation  and  those  with  chromatin  condensation  from  LCSM 
images  (figures  12A1  to  A4)  showed  that  the  translocation  led  apoptotic  nuclear  degradation  and  had  a  similar 
time  course  to  the  decrease  of  A'Fm  previously  found  in  the  same  cells  after  serum  and  NGF  withdrawal  (see 
[Wadia,  1998  #49]).  Therefore  dense  GAPDH  nuclear  translocation  is  an  early  event  in  this  form  of  apoptosis  and 
occurs  before  or  at  the  same  time  as  a  loss  of  A'Fm,  which  is  believed  to  represent  opening  of  the  PTP.  Similar  to 
the  finding  with  the  increase  in  GAPDH  levels  on  western  blots  shown  above,  treatment  with  DES  and  CGP3466 
markedly  attenuated  the  accumulation  of  GAPDH  to  nuclei  and  induce  an  apparently  commensurate  decrease  in 
nuclei  with  chromatin  condensation.  The  data  suggest  that  the  prevention  of  the  increase  in  GAPDH  levels 
and/or  nuclear  accumulation  by  the  two  compounds  may  account  for  their  capacity  to  reduce  apoptosis  in  the 
cells  The  dense  character  of  the  GAPDH  nuclear  accumulation  is  important  to  emphasize.  We  have  recently 
reported  that  GAPDH  is  normally  found  in  the  nucleus  in  low  concentration  as  part  of  punctate  bodies  ([Carlile, 
1998  #12],  appended).  The  punctate  bodies  contain  promyelocytic  leukemia  protein  (PML  protein)  that  we  found 
co-immunoprecipitates  with  GAPDH.  PML  protein  has  been  implicated  in  apoptosis,  but  we  do  not  know  whether 
the  dense  nuclear  accumulation  of  GAPDH  found  in  early  apoptosis  involves  a  relationship  between  GAPDH  and 
PML  protein. 

Green  Fluorescent  Protein  Fusion  Protein  for  GAPDH. 

With  the  participation  of  S.  Shashidharan  and  S.  Sealfon,  we  have  cloned  a  GAPDH  cDNA  from  rat  brain 
The  cDNA  was  used  to  produce  a  GAPDH-green  fluorescent  protein  (GFP)  construct  and  has  been  transiently 
transfected  into  COS1  cells  and  stably  transfected  into  HEK  293  and  PCI 2  cells.  We  used  several  methods  to 
induce  apoptosis  in  the  transfected  cells  maintained  in  a  physiological  chamber  on  a  confocal  laser  microscope 
(see  [Wadia,  1998  #49],  appended  for  details  of  the  chamber).  Living  cells  were  shown  to  have  little  or  no 
GAPDH-GFP  protein  in  their  nuclei  and  showed  a  cytosolic  distribution  for  the  fusion  protein  that  seemed 
identical  to  that  shown  with  immunocytochemistry  for  GAPDH.  The  GAPDH-GFP  fusion  protein  was  shown  to 
concentrate  in  the  nucleus  of  a  proportion  of  the  cells  in  the  first  two  hours  after  exposure  to  apoptosis  initiating 
agents  like  Rose  Bengal  (see  below).  Published  details  of  the  cytoplasmic-nuclear  translocation  found  using  the 
fusion  protein  are  presented  in  [Shashidharan,  1999  #40]  appended.  These  data  established  that  at  least  part  of 
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Figure  12.  -  GAPDH  immunoreactivity  in  pnd-PC12 
cells  after  serum  and  NGF  withdrawal  visualized  with 
LCSM.  A1,  A2,  A3  and  A4.  present  LCSM  micrographs 
from  identical  image  fields  and  consist  of  an  interference 
contrast  micrograph,  fluorescence  micrograph  for  YOYO- 
1  DNA  binding,  immunocytochemistry  for  GAPDH  and  a 
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the  GAPDH  that  accumulates  in  the  nucleus  during  some  forms  of  apoptosis  translocates  from  the 

cytoplasm. 

GAPDH-RNA  And  NAD+,  NO  and  Peroxide. 

GAPDH  in  the  cellular  cytosol  is  bound  in  large  part  to  AU-rich  RNA  and  tRNA.  It  unwinds  RNA  and  can 
straighten  RNA  stem  loops  during  translation  [Sioud,  1996  #88],  We  postulate  that  GAPDH  might  be  freed  from 
the  AU-rich  RNA  in  early  apoptosis,  which  would  allow  it  to  migrate  to  the  nucleus  and  associate  with  nuclear 
DNA.  DNase-free  RNase  treatments  of  permeablized,  paraformaldehyde  fixed  PC12cells  on  coversiips  to  digest 
RNA  caused  GAPDH  to  relocate  to  the  nucleus  in  a  manner  similar  to  that  found  in  early  apoptosis  (unpublished 
data,  not  shown). 

At  least  three  molecules  associated  with  toxin-induced  neuronal  apoptosis  -  nitric  oxide  (NO),  superoxide 
radical  and  peroxynitrite  -  have  the  capacity  to  free  GAPDH  from  AU-rich  RNA  (see  references  above).  In 
accord  with  that  idea,  our  treatment  of  partially  differentiated  PCI  2  cells  or  fibroblasts  with  H202  (see  figure  13A) 
or  the  nitric  oxide  (NO)  donor,  SNAP  (see  figure  13B)  induced  a  dense  nuclear  translocation  of  GAPDH,  which 
appeared  similar  to  that  found  after  serum  and  NGF  withdrawal. 

Figure  13  -  3T3  Fibroblasts  Showing  GAPDH  Nuclear 
Translocation  After  Exposure  To  An  NO  Donor  or  To 

Hj02.  Figures  show  laser  confocal  microscope  images  of 
3T3  fibroblast  immunoreacted  with  a  GAPDH  antibody. 
Exposure  to  0.25  mM  H202  (A)  or  to  SNAP,  an  NO  donor 
(B),  induced  GAPDH  nuclear  translocation  in  the  cells 


NAD*  Levels  Determine  the  Proportion  of  GAPDH  Bound  to  AU-Rich  RNA  versus  That  Involved  in 
Glycolysis. 

We  carried  out  measurements  of  the  capacity  of  GAPDH  to  convert  NAD*  to  NADH  in  the  glycolytic 
pathway  depending  upon  the  presence  or  absence  of  AU-rich  RNA  (data  not  shown).  Increasing  concentrations 
of  AU-rich  RNA  reduced  NADH  production  in  a  graded  manner  indicating  that  GAPDH  cannot  function  as  a 
glycolytic  enzyme  when  it  is  bound  to  RNA.  (-)-Desmethyldeprenyl  or  CGP3466  did  not  alter  the  glycolytic 
capacity  of  GAPDH  in  the  absence  of  RNA  but  reversed  the  reduced  glycolytic  capacity  of  GAPDH  induced  by 
the  presence  of  RNA  (see  figure  6  in  [Carlile,  2000  #35],  appended). 

In  parallel  experiments,  we  found  that  NAD*  releases  GAPDH  from  AU-rich  RNA  as  previously  reported  (not 
shown)  and  thereby,  increases  the  enzyme’s  glycolytic  activity.  Importantly,  NAD*  that  had  been  exposed  to 
temperatures  of  55-70°C  was  found  to  no  longer  release  GAPDH  from  AU-rich  RNA  (not  shown),  probably 
because  NAD*  is  heat  labile  and  folds  when  exposed  to  those  temperatures. 

Deprenyt  Related  Propargylamines  Decrease  GAPDH  Tetramer  And  Increase  GAPDH  Dimer  In  Vitro. 

GAPDH,  a  37  kDa  protein,  forms  tetramers  in  which  four  GAPDH  proteins  join  to  each  other  forming  a 
complex  of  148  kDa  (a  computer  generated  model  of  the  structure  is  shown  in  figure  7  of  [Carlile,  2000  #35], 
appended).  Modeling  of  the  three  dimensional  crystal  structure  taken  from  the  Brookhaven  data  base  shows  that 
a  channel  will  form  at  the  side-to-side  joining  of  dimeric  pairs  with  each  other  and  suggested  that  CGP3466  might 
bind  in  that  channel.  We  used  size  exclusion  chromatography  to  show  that  GAPDH  is  largely  in  a  tetrameric  form 
when  bound  to  poly-U  RNA  in  solution  (figure  6  in  [Carlile,  2000  #35].  10"9  M  CGP3466  or  (-)-desmethyldeprenyl 
freed  a  significant  portion  of  GAPDH  from  RNA  and  shifted  it  to  a  dimeric  form.  Previous  studies  had  shown  that 
the  dimer  is  a  more  efficient  glycolytic  enzyme  than  the  tetramer.  Accordingly,  the  deprenyl-related  compounds 
may  induce  GAPDH  to  a  dimer,  a  form  in  which  it  may  not  be  able  to  participate  in  apoptosis  but  can  be 
fully  effective  in  its  glycolytic  role. 

Deprenyl-Related  Propargylamines  Reduce  Neuronal  Apoptosis  By  Inducing  Changes  In  New  Protein  Synthesis. 

(-)-Deprenyl  was  initially  thought  to  only  reduce  nerve  cell  death  by  inhibiting  monoamine  oxidase  B  and 
thereby  preventing  the  conversion  of  MPTP  to  the  toxin,  MPP*.  More  than  thirty  five  studies  have  found  that  (-)- 
deprenyl  can  reduce  cell  death  in  a  variety  of  models  other  than  MPTP,  including  trophic  withdrawal,  pro-oxidant 
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exposure,  hypoxia-ischemia,  mitochondrial  toxin  exposure,  metabolic  toxins,  aluminum  toxicity,  DNA  damaging 
agents,  axonal  transection,  aging  (see  [Tatton,  1996  #55]).  We  were  the  first  to  establish  that  (-}-depreny1  could 
reduce  nerve  cell  death,  specifically  apoptotic  nerve  cell  death,  independently  of  monoamine  oxidase  B  (MAO-B) 
inhibition,  which  has  subsequently  been  confirmed  in  a  number  of  laboratories  (see  references  above).  The  anti- 
apoptotic  action  of  (-)-deprenyl  is  mediated  by  its  major  metabolite,  (-)-desmethyldeprenyl  (DES)  in  neurons  in 
vitro  and  in  vivo ,  since:  1)  DES  has  the  same  capacity  as  (-)-deprenyf  to  reduce  apoptosis  and  to  maintain  A'I'm 
in  early  apoptosis,  2)  transcriptional  and  translational  inhibitors  block  the  capacity  of  both  (->-deprenyl  and  DES  to 
reduce  apoptosis  and  maintain  A't'u  and  3)  P450  inhibitors,  which  block  drug  metabolism,  prevent  (-)-deprenyl, 
but  not  DES,  from  reducing  apoptosis  and  maintaining  a^m- 
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Figure  14  -  Metabolic  labeling  of  newly  synthesized 
proteins  with  35  S  methionine  shows  a  marked 
decrease  in  total  protein  and  protein  in  specific  sub¬ 
tractions  in  the  first  six  hours  of  apoptosis.  (-)- 
Deprenyl  (and  DES  and  CGP3466)  markedly  reduce  the 
decrease  in  total  newly  synthesized  protein  but  show 
significant  increases  only  in  the  mitochondrial  and  nuclear 
fractions  and  not  the  plasma  membrane  and  cytosolic 
fractions. 


(-)-Deprenyt  requires  new  protein  synthesis  to  reduce  apoptosis  [Tatton,  1994  #57],  We  have  now  studied  the 
changes  in  new  protein  synthesis  induced  by  {-)-deprenyl,  DES  and  CGP3466.  Metabolic  studies  using  353- 
methionine  showed  that  new  protein  synthesis  decreased  to  about  30%  at  6  hrs  after  NGF  and  serum  withdrawal 
and  was  maintained  at  70%  by  each  of  the  three  compounds  (see  figure  11).  The  major  subcellular  protein 
fractions  whose  levels  of  newly  synthesized  protein  were  the  mitochondrial  and  nuclear  fractions  and  there  was 
little,  if  any,  effect  on  the  plasma  membrane  or  cytosolic  fractions.  Metabolically-labeted  two  dimensional  protein 
auto-radiograms  for  protein  sub-fractions  showed  that  these  compounds  induced  the  synthesis  of  a  number  of 
proteins  in  the  pre-apoptotic  cells  that  were  not  normally  synthesized  in  cells  supported  by  serum  and  NGF. 

In  brief,  the  pre-apoptotic  cells  showed  a  maintenance  of  BAX  levels  and  a  transient  increase  in  c-JUN 
together  with  a  decrease  in  BCl-2,  BCL-Xl,  SOD1 ,  SOD2,  glutathione  peroxidase,  tyrosine  hydroxylase,  and  the 
cytoskeletal  proteins,  tubulin  and  MAP-2.  The  deprenyl-related  compounds  prevented  the  decreases  in  BCL-2, 
BCL-Xl,  SOD1,  SOD2,  glutathione  peroxidase  and  tyrosine  hydroxylase,  but  did  not  alter  the  decreases  in 
tubulin  or  MAP-2.  They  also  induced  a  gradual  decrease  in  BAX  and  prevented  the  increase  in  c-JUN. 
Immunocytochemistry  for  the  different  proteins  and  in  situ  hybridization  for  their  messages  showed 
complementary  changes.  Since  the  deprenyl-related  compounds  bind  to  GAPDH  and  appear  to  convert  GAPDH 
to  a  dimer  while  preventing  the  upregulation  of  GAPDH  and  reducing  the  nuclear  accumulation  of  GAPDH,  it 
could  be  argued  that  the  changes  in  new  protein  synthesis  induced  by  the  propargytamines  are  the  result  of 
preventing  GAPDH  from  influencing  transcription  and  or  translation. 

Since  proteins  like  BCL-2  and  SOD!  have  been  shown  to  contribute  to  the  maintenance  of  ASPm  by  facilitating  PTP 
losure  in  early  apoptosis,  we  used  LCSM  imaging  of  partially  neuronaily-differendated  PC12  cells  entering  apoptosis  after  serum 
nd  NGF  withdrawal  to  show  that  (->-deprenyl  [Wadia,  1998  #49]  prevents  the  decrease  in  ASKm  in  early  apoptosis,  even  when 
tramitochondrial  Ca2+  was  markedly  increased  ([Wadia,  1998  #49]).  Subsequently,  we  have  shown  similar  findings  for  DES  and 
GP3466.  The  maintenance  of  A'Fm  despite  increased  Intramitochondrial  Ca2*  levels  seem  to  indicate  that  (-)-depreny!  and  DES  can 
hange  the  relationship  between  the  level  of  intramitochondrial  Ca?*  and  A'P*,.  We  concluded  that  the  observation  depended  upon 
e  capacity  of  (-)-deprenyl  to  maintain  the  synthesis  of  BCL-2  in  pre-apoptotic  neurons  (see  below)  and  thereby  maintain 
itochondrial  BCL-2  levels.  Most  importantly,  mitochondrial  actions  of  (-)-deprenyl  related propargylamines  may  be  taken  to  suggest  that 
e  mitochondrial  PTP  is  downstream  from  GAPDH  in  some  forms  of  apoptosis  signaling. 

GAPDH  May  Induce  A  Decrease  In  New  Protein  Synthesis 

We  have  carried  out  preliminary  experiments  with  rabbit  reticulocyte  lysate  systems  and  in  vitro  transcription  systems, 
he  synthesis  of  two  proteins  and  their  mRNAs  have  been  examined:  the  pGEM  protein  supplied  with  the  kits  and  luciferase  (see 
gure  15).  The  addition  of  amounts  of  GAPDH  varying  from  5  pg  to  500  pg  resulted  in  a  marked  decrease  in  protein  synthesis  as  an 
dicator  of  decreased  transcription  and/or  translation  and  a  decrease  in  the  mRNAs  as  a  indicator  of  decreased  transcription.  Hence 
e  preliminary  experiments  suggest  that  GAPDH  has  the  capacity  to  inhibit  the  transcriptional  machinery.  At  present,  it  is  not  known 
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hether  GAPDH  effects  on  transcription  are  selective  or  generalized.  That  Is,  does  GAPDH  increase  the  synthesis  of  some  proteins  while 
ecreasing  that  of  others?  Are  any  changes  in  protein  synthesis  appropriate  for  the  induction  of  apoptosis  and  are  they  appropriate 
oppose  the  changes  induced  by  low  level  damage  and  or  the  deprenyl-related  compounds? 

Figure  15  -  GAPDH  Addition  To  An  In  Vitro 
Transcriptional  System  GAPDH  addition  prevents  the 
synthesis  of  control  luciferase  RNA  species  in  an  in  vitro 
transcriptional  system  as  detected  by  ethidium  bromide 
staining  and  B.  GAPDH  prevents  the  synthesis  of  control 
luciferase  RNA  species  in  an  in  vitro  transcriptional 
system  as  detected  by  ethidium  bromide  staining. 


Protein-Protein  Interactions  Involving  GAPDH  With  Possible  Significance  To  Apoptosis  or 
Neurodegeneration.  As  described  above  we  have  shown  that  GAPDH  binds  to  the  pro-apoptotic,  translational 
control  protein.  PML[Carlile,  1998  #12], 

Recently,  we  have  begun  to  cany  out  co-immunoprecipitation  and  LCSM  studies  in  our  laboratory  in 
collaboration  with  M.  Polymeropoulos  and  A.  Dehejia  from  the  Novartis  laboratories  at  Gaithersburg  using  cells 
co-transfected  with  constructs  coding  for  multiple  proteins  that  have  been  implicated  in  human 
neurodegeneration  or  apoptosis.  Preliminary  results  indicate  that  GAPDH,  huntingtin  (implicated  in  HD)  and  a- 
synuclein  (a  mutant  form  is  found  in  dominantly  inherited  PD),  all  co-immunoprecipitate  with  phospholipase  D2 
(PLD2)  (figure  16  shows  example  of  co-immunoprecipitation  of  GAPDH  and  PLD2  and  GAPDH  and  huntingtin). 
Also,  as  previously  reported  [Burke,  1996  #2],  the  studies  show  co-immunoprecipitation  of  GAPDH  and 
huntingtin. 


Cells  Co-Transfected  With  Multiple  Genes  As  A  Means  Of  Examining 
Protein-Protein  Interactions  With  Co-lmmunoprecipitation 
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Figure  IS  -  Co-immunoprecipitation  of  protein  extracted 
from  cells  that  were  multiply  transfected  with 
combinations  of  GAPDH,  asyn,  htn  and  PLD2.  The  blot 
shows  that  GAPDH  and  PLD2  co-immunoprecipitate 
(lower  blot)  and  GAPDH  and  htn  co-immunoprecipitate. 
Other  blots  showed  that  PLD2  could  also  co- 
immunoprecipitate  with  asyn  or  htn  in  absence  of  GAPDH 
transfection.  In  the  presence  of  GAPDH-PLD 
immunoprecipitation,  neither  htn  nor  asyn  co- 
immunoprecipitated  with  PLD2.  Similarly,  htn-GAPDH  co- 
immunoprecipitation  was  not  seen  in  the  presence  of 
PLD2-GAPDH  co-immunoprecipitation. 


These  protein-protein  interactions  seem  to  be  competitive,  since  in  the  presence  of  high  levels  of  PLD2, 
PLD2  co-immunoprecipitation  with  a-synuclein  or  that  with  huntingtin  were  found  to  be  absent.  The  hypothesized 
competitive  interactions  are  summarized  in  figure  17.  At  present,  we  do  not  understand  the  implications  of  the 
interactions.  PLD2  might  serves  to  “control"  GAPDH  subcellular  movements  and  protein-protein  signaling.  If 
GAPDH  levels  are  high,  as  in  early  apoptosis,  PLD2  might  lose  its  normal  signaling  functions  and/or  its  capacity 
to  interact  with  huntingtin  and  a-synuclein.  Accordingly,  mutant  a-synuclein  and  mutant  huntingtin  protein  might 
not  participate  in  the  PLD2  interactions  normally  and  could  possibly  “free"  GAPDH  to  participate  in  apoptosis. 
Similarly,  GAPDH  has  been  found  to  bind  to  huntingtin  in  HD  brain  tissue.  These  finding  may  reflect  abnormal 
interactions  amongst  those  disease-related  proteins  and  GAPDH  and  PLD2. 

As  shown  in  figure  18,  we  have  run  co-immunoprecipitation  gels  for  GAPDH  in  neuronally  differentiated 
PC12  cells  under  a  variety  of  conditions  [Wadia,  1998  #49],  We  have  used  sensitive  silver  staining  to  determine 
the  maximum  number  of  proteins  that  bind  to  GAPDH  (see  figure  18).  This  and  other  gels  suggest  that  less  than 
a  dozen  proteins  bind  to  GAPDH  under  various  conditions:  four  of  those  proteins  are  known  -  a-tubulin,  PLD2, 
huntingtin  and  PML  protein. 
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Co-Transfection  And  Co-lrmroinprecipitation  Reveal 
Competitive  Interactions  Amongst  Phospholipase  D2, 
Gtyceraldehyde-3-Phosphate  Dehydrogenase, 
a-Synuclein  And  Huntingtin 
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Figure  17  -Summary  of  hypothesized  protein-protein 
interactions  amongst  GAPDH,  PLD2,  asyn  and  htn  in 
multiply  transfected  cells. 
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Figure  18  -  Staining  of  co-immunoprecipitation  gels 
shows  that  GAPDH  can  be  involved  in  a  relatively 
small  number  of  protein-protein  interactions  in 
neuronally  differentiated  PC12  cells.  Each  lane  is  for 
lysate  taken  for  PCI  2  cells  after  a  different  experimental 
treatment.  The  gel  was  stained  with  silver  to  provide  a 
sensitive  assay  of  all  the  protein-protein  interactions  of 
GAPDH.  The  silver  staining  shows  that  GAPDH  binds  to  a 
relatively  small  number  of  proteins  and  that  some  of  the 
binding  is  in  different  experimental  conditions  while  others 
vary  under  different  conditions. 
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Key  Research  Accomplishments: 

1.  The  role  of  diverse  signal  mediators,  including  p53,  GAPDH,  BAX  and  NFKB  in  mediating 
apoptosis  in  PD  brain  were  characterized. 

2.  The  temporal  stages  of  apoptosis  in  dopamine  neurons  determined  by  YOYO-1  and 
BODIPY-labeled  TUNEL  staining  were  refined. 

3.  The  mechanism  of  propargylamines  such  as  deprenyl  in  opposing  apoptosis  in  dopamine 
neurons  and  in  improving  the  course  of  Parkinsons  was  found  to  be  suppression  of  the 
synthesis  of  pro-apoptotic  proteins. 

Reportable  Outcomes: 

Five  peer  reviewed  publications  that  resulted  from  this  research  program: 

1.  Carlile,  G.,  Chalmers-Redman,  R.,  Tatton  n.,  Pong,  A.,  Borden,  K.,  Tatton,  W.  Reduced 
Apoptosis  after  nerve  growth  factor  and  serum  withdrawal:  Conversion  of  tetrameric 
Glyceraldehyde-3-Phosphate  Dehydrogenase  to  a  dimer.  Molecular  Pharmacology  2000, 
57:2-12. 


2.  Tatton,  W.  G.,  Chalmers-Redman,  R.  M.,  Elstner,  M.,  Leesch,  W.,  Jagodzinski,  F.  B.,  Stupak, 

D.  P.,  et  al.  (2000).  Glyceraldehyde-3-phosphate  dehydrogenase  in  neurodegeneration 
and  apoptosis  signaling.  J  Neural  Transm  Suppl(60),  77-100. 

3.  Tatton  WG,  Chalmers-Redman  RM,  Ju  WJ,  Mammen  M,  Carlile  GW,  Pong  AW,  Tatton  NA. 

Propargylamines  induce  antiapoptotic  new  protein  synthesis  in  serum-  and  nerve  growth 
factor  (NGF)-withdrawn,  NGF-differentiated  PC-12  cells.  J  Pharmacol  Exp  Ther.  2002; 
301  (2):  753-64. 

4.  Tatton  WG,  Chalmers-Redman  R,  Brown  D,  Tatton  N.  Apoptosis  in  Parkinson’s  disease: 

signals  for  neuronal  degradation.  Ann  Neurol.  2003;  53  Suppl  3:  S61-70;  discussion 
S70-2. 

5.  Tatton,  W.,  Chalmers-Redman,  R.,  &  Tatton,  N.  (2003).  Neuroprotection  by  deprenyl  and 

other  propargylamines:  glyceraldehyde-3-phosphate  dehydrogenase  rather  than 
monoamine  oxidase  B.  J  Neural  Transm,  110(5),  509-515. 


Conclusions: 

This  research  program  refined  the  understanding  of  the  timing  of  apoptosis  and  the  stages 
involved  and  provided  insight  into  the  mechanisms  of  propargylamines  in  preventing  apoptosis. 
This  work  advanced  insight  into  the  mechanisms  of  neuronal  loss  in  PD  and  into  new 
pharmacological  approaches  that  could  be  used  to  delay  the  progression  of  this 
neurodegenerative  disease. 
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Controversy  has  surrounded  a  role  for  apoptosis  in  the  loss  of  neurons  in  Parkinson’s  disease  (PD).  Although  a  variety 
of  evidence  has  supported  an  apoptotic  contribution  to  PD  neuronal  loss  particularly  in  the  nigra,  two  factors  have 
weighed  against  general  acceptance:  (1)  limitations  in  the  use  of  in  situ  3  end  labeling  techniques  to  demonstrate  nuclear 
DNA  cleavage;  and  (2)  the  insistence  that  a  specific  set  of  nuclear  morphological  features  be  present  before  apoptotic 
death  could  be  declared.  We  first  review  the  molecular  events  that  underlie  apoptotic  nuclear  degradation  and  the 
literature  regarding  the  unreliability  of  3  DNA  end  labeling  as  a  marker  of  apoptotic  nuclear  degradation.  Recent 
findings  regarding  the  multiple  caspase-dependent  or  caspase-independent  signaling  pathways  that  mediate  apoptotic 
nuclear  degradation  and  determine  the  morphological  features  of  apoptotic  nuclear  degradation  are  presented.  The  ev¬ 
idence  shows  that  a  single  nuclear  morphology  is  not  sufficient  to  identify  apoptosis  and  that  a  cytochrome  c.  pro- 
caspase  9,  and  caspase  3  pathways  is  operative  in  PD  nigral  apoptosis.  BAX-dependent  increases  in  mitochondrial  mem¬ 
brane  permeability  are  responsible  for  the  release  of  mitochondrial  factors  that  signal  for  apoptotic  degradation,  and 
increased  BAX  levels  have  been  found  in  a  subset  of  PD  nigral  neurons.  Studies  using  immunocytochemistry  in  PD 
postmortem  nigra  have  begun  to  define  the  premitochondrial  apoptosis  signaling  pathways  in  the  disease.  Two,  possibly 
interdependent,  pathways  have  been  uncovered:  (1)  a  p53-glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)-BAX 
pathway;  and  (2)  FAS  receptor-FADD-caspase  8 -BAX  pathway.  Based  on  the  above,  it  seems  unlikely  that  apoptosis 
does  not  contribute  to  PD  neuronal  loss,  and  the  definition  of  the  premitochondrial  signaling  pathways  may  allow  for 
the  development  and  testing  of  an  apoptosis-based  PD  therapy. 
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Several  different  insults  that  can  induce  necrosis  may 
be  responsible  for  neuronal  loss  in  Parkinson’s  disease 
(PD)1  and  PD  models.2  The  classic  features  of  necrosis 
can  be  induced  by  the  exposure  of  cells  to  high  con¬ 
centrations  of  glutamate  or  other  glutamate  receptor 
agonists.  This  necrosis  results  from  massive  transmem¬ 
brane  ion  fluxes  that  rapidly  cause  swelling  of  or¬ 
ganelles  (including  the  nucleus)  and  cellular  disruption 
with  rupture  of  the  outer  membrane.3  Membrane  rup¬ 
ture  allows  extrusion  of  cytoplasmic  contents  into  the 
extracellular  space,  which  can  cause  local  inflammation 
and  subsequent  necrosis  of  nearby  cells  in  a  wave-like 
fashion.  ATP  depletion  or  lipid  and  protein  peroxida¬ 
tion  induced  by  reactive  oxygen  species,  often  impli¬ 
cated  in  PD,4  can  kill  neurons  by  similar  necrotic  pro¬ 
cesses.5 

A  second  death  process  called  apoptosis  can  also  me¬ 
diate  neuronal  loss  after  exposure  of  cells  to  glutamate 
receptor  agonists6,7  or  to  increased  reactive  oxygen  spe¬ 
cies  levels8  and  has  been  proposed  to  contribute  to  PD 
neuronal  loss.9  Apoptosis  is  fundamental  to  the  physi¬ 
ology  of  living  organisms  because  it  normally  serves  to 


balance  cell  replication,  to  optimize  cellular  organiza¬ 
tion,  or  to  shape  organ  development  by  degrading  un¬ 
suitable  cells  so  that  they  can  be  selectively  phagocy- 
tosed  without  risk  of  damage  to  nearby  cells.  It  has 
been  estimated  that  tens  of  billions  of  cells  die  by 
apoptosis  in  the  human  body  each  day,  largely  the  rep¬ 
licating  cells  of  the  gastrointestinal,  hematopoetic,  cu¬ 
taneous,  immunological,  and  reproductive  systems. 

Pathological  apoptosis  contributes  to  a  wide  variety 
of  diseases  including  cardiomyopathy,  inflammation, 
osteoarthritis,  diabetes,  acquired  immunodeficiency 
syndrome,  and  graft  rejection.  Despite  the  well- 
documented  role  of  apoptosis  in  many  diseases,  debate 
has  raged  as  to  whether  apoptosis  contributes  to  neu¬ 
ronal  loss  in  PD.  In  retrospect,  the  debate  has  been 
fueled  by  two  factors:  methodological  limitations  and 
the  inappropriate  imposition  of  narrow  criteria  for  the 
recognition  of  apoptosis.  The  methodological  problems 
relate  to  the  use  of  terminal  deoxynucleotidyl  transferase- 
mediated  deoxyuridine  triphosphate  nick-end  labeling 
(TUNEL)  to  detect  cells  with  apoptotic  nuclear  DNA 
fragmentation,  whereas  the  problem  with  inclusion  cri- 
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teria  results  from  the  view  that  apoptotic  nuclear  deg¬ 
radation  must  specifically  conform  to  the  morphologi¬ 
cal  features  originally  described  by  Kerr  in  his  original 
studies  of  liver  cells. 

Recognition  of  Apoptotic  Nuclear  Degradation 
In  contrast  with  the  swelling  and  cellular  disruption 
found  in  necrosis,  apoptosis  involves  marked  nuclear 
and  cellular  shrinkage  combined  with  lytic  degradation 
of  nucleic  acids  and  cytoskeletal  proteins,  but  mainte¬ 
nance  of  membrane  integrity.  Apoptotic  cellular 
shrinkage  and  intranuclear  or  chromatin  condensation 
were  first  shown  by  Kerr  in  liver  cells  using  electron 
microscopy.10  Kerr’s  original  findings  often  have  been 
taken  to  provide  a  morphological  stereotype  for  apo¬ 
ptotic  degradation. 

Each  chromosome  consists  of  a  long  double  strand 
of  DNA  DNA  gel  electrophoresis  or  pulse-field  elec¬ 
trophoresis  can  be  used  to  demonstrate  DNA  cleavage 
by  nucleases  activated  in  the  final  stages  of  apoptosis. 
The  utility  of  electrophoresis  is  limited  to  models  in 
which  many  cells  undergo  apoptotic  degradation  syn¬ 
chronously.  In  neurodegenerative  disorders  such  as  PD , 
only  a  few  neurons  would  be  expected  to  undergo  nu¬ 
clear  degradation  over  the  course  of  any  day  (see  Ka¬ 
nazawa1  1  for  a  recent  consideration  of  the  time  course 
of  nigral  dopaminergic  neuronal  loss  in  PD).  Because 
the  use  of  DNA  gel  electrophoresis  or  pulse-field  elec¬ 
trophoresis  requires  that  the  DNA  of  10s  or  more  cells 
be  in  the  stage  of  apoptotic  DNA  degradation,  electro¬ 
phoresis  cannot  detect  apoptotic  nuclear  DNA  frag¬ 
mentation  in  PD  postmortem  brain.  The  labeling  of 
cut  3  DNA  ends  with  d-UTP  attached  to  a  fluoro- 
chrome  offers  the  opportunity  to  show  nuclear  DNA 
cleavage  in  situ  and  has  been  widely  used  in  both  tissue 
sections  and  cultured  cells. 

Apoptotic  nuclear  degradation  can  include  several 
different  components  including  (1)  the  separation  of 
histones  and  lamins  from  nuclear  DNA  (2)  the  cleav¬ 
age  of  the  DNA  into  shorter  fragments  by  endonucle¬ 
ases;  (3)  the  condensation  or  compaction  of  the  frag¬ 
mented  DNA  and  (4)  the  formation  of  membrane 
wrapped  subnuclear  bodies  containing  fragmented  and 
condensed  DNA  The  sequence,  relative  extent  and 
pattern  of  the  different  components  have  been  shown 
to  differ  for  different  cellular  phenotypes  and  different 
types  of  insults.12,13  Figure  1  illustrates  one  example  of 
the  different  components  of  apoptotic  nuclear  degrada¬ 
tion  and  their  relative  subnuclear  distributions.  The 
figure  shows  the  pattern  of  nuclear  degradation  in  cul¬ 
tured  cerebellar  granule  neurons  (CGNs)  at  9  hours 
after  exposure  to  10  3  M  glutamate  (R.  Chalmers- 
Redman  and  W.  Tatton,  unpublished  observations  and 
see  Wadia  and  colleagues14  for  details  of  the  histolog¬ 
ical  and  imaging  techniques).  CGNs  have  large  nuclei 
relative  to  their  cell  body  diameters  with  little  variation 


in  nuclear  and  cell  body  size  among  the  different  neu¬ 
rons.  This  uniformity  allows  for  easy  examination  of 
apoptotic  degradation  in  the  neurons,  especially  with 
high-resolution  laser  confocal  scanning  microscopy  as 
shown  in  Figure  1.  In  Figure  1,  the  leftmost  three  laser 
confocal  scanning  microscopy  images  in  each  horizon¬ 
tal  row  (see  Fig  1A1-A3  and  B1-B3)  were  taken  for  an 
identical  image  field  but  with  different  fluorescence  or 
interference  contrast  detectors.  Figures  1A1  to  A4  illus¬ 
trate  the  relationship  between  nuclear  chromatin  con¬ 
densation  shown  by  the  fluorescent  nucleic  acid  bind¬ 
ing  dye  YOYO-1  (see  Fig  1A2)  and  nuclear  DNA 
fragmentation  shown  by  TUNEL  using  BODIPY  flu¬ 
orescence  (see  Fig  1A3).  In  the  interference  contrast 
image  of  Figure  1A1,  4  of  the  10  CGN  nuclei  have 
shrunken,  smooth-appearing  nuclei  that  have  lost  the 
granularity  present  in  the  other  six  nuclei.  The  four 
shrunken  nuclei  have  markedly  intensified  YOYO-1 
fluorescence  (each  labeled  2  in  Fig  1A2),  which  con¬ 
trasts  with  the  duller,  reticulated  fluorescent  pattern  of 
YOYO-1  fluorescence  seen  in  the  larger  nuclei. 
TUNEL-BODIPY  fluorescence  (see  Fig  1A3)  shows 
that  each  of  the  four  nuclei  has  undergone  DNA  frag¬ 
mentation,  whereas  the  other  six  nuclei  only  fluoresce 
at  background  levels.  Figures  1A2  and  1A3  have  been 
recolored  red  and  green,  respectively,  and  then  digitally 
added  to  produce  Figure  1A4.  The  four  shrunken  nu¬ 
clei  have  a  yellow-orange  color,  which  indicates  that 
chromatin  condensation  and  DNA  fragmentation  are 
exactly  coextensive  in  the  nuclei.  The  nuclei  without 
yellow-orange  coloration  show  a  reticulated  pattern  of 
red  coloration  resulting  from  YOYO-1  binding  to 
DNA  that  has  not  undergone  fragmentation.  A1  of  the 
1 0  cells  show  areas  of  bright  green  coloration  in  cyto¬ 
plasm  outside  of  the  nuclei  due  to  TUNEL  labeling  of 
RNA  The  four  apoptotic  nuclei  are  labeled  2  to  indi¬ 
cate  that  they  have  entered  stage  2  of  apoptotic  degra¬ 
dation.  In  stage  2,  the  DNA  of  the  entire  nucleus  has 
become  both  fragmented  and  condensed,  whereas  in 
stage  1  only  a  portion  of  the  nucleus  is  affected  as 
shown  in  Figures  1B1  to  B4. 

In  stage  1,  DNA  around  the  outer  margins  of  the 
CGN  nuclei  is  fragmented  and  then  condensed  (see 
distribution  of  YOYO-1  fluorescence  in  CGNs  labeled 
1  in  Fig  1B2).  Histone  immunofluorescence  (Fig  1B3) 
is  distributed  in  a  reticulated  pattern  that  largely  colo¬ 
calizes  with  YOYO-1  DNA  binding  in  normal  nuclei 
(see  yellow-green  coloration  in  the  lower  three  nuclei 
in  Fig  1B4),  but  moves  to  the  outside  margin  of  areas 
of  DNA  fragmentation  or  chromatin  condensation  (see 
Fig  1B2  and  B4)  in  stage  1  nuclei.  In  stage  2  nuclei, 
only  a  small  outer  rim  of  histone  immunofluorescence 
surrounding  the  DNA  fragmentation  and  chromatin 
condensation  is  retained  (illustrated  by  the  stage  2  nu¬ 
cleus  in  Fig  1B3  and  orange  coloration  limited  to  the 
outer  portion  of  same  nucleus  in  Fig  1B4).  The 
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Fig  1.  Sta^s  and  components  of  apoptotic  nuclear  degradation  in  cerebellar  granule  neurons  exposed  to  low  glutamate  concentra¬ 
tions  Each  horizontal  row  of  lass'  confocal  scanning  microscope  ima^s  are  for  identical  image  fields  (Al,  Bl)  Interference  contrast 
ima^s  drawing  typical  cellular  and  nuclear  shrinkage  of  a  subset  of  neurons  undergoing  apoptotic  degradation.  (A2,  B2)  YOYO-1 
nucleic  add  staining  usd  to  dsnonstrate  chromatin  condoisation  in  the  numbered  nuclei.  The  numbers  indicate  the  sta^  of  degra¬ 
dation  for  each  nucleus  (A3)  DNA  cleavage  using  BODIPY-labeled  TUNEL.  (B3)  Typical  reorganization  of  histone  immunoreac- 
tion  as  a  componsit  of  apoptotic  degradation.  (A4,  B4)  Red-green  recolored  and  digitally  added  ima^s  show  the  colocalization  of 
DNA  fragmentation  and  chromatin  condensation  and  the  margination  of  histone  immunoreaction  to  the  outs  portions  of  nuclear 
subregions  undergoing  chromatin  condensation.  Sta^  2  nucld  draw  distributions  of  DNA  fragmentation  and  chromatin  condensa¬ 
tion  typical  of  those  induced  by  AIF  signaling  whseas  the  distributions  in  sta^  2  nuclei  would  require  cytochrome  c  signaling 


marked  shrinkage  and  condensation  of  stage  3  nuclei 
(see  Fig  1B1  and  B2)  is  accompanied  by  the  disappear¬ 
ance  of  nuclear  histone  immunofluorescence  (see  Fig 
1B3  and  B4)  in  association  with  DNA  fragmentation 
and  chromatin  condensation  as  shown  in  Figures  1A1 
to  A4. 

The  component  pattern  of  nuclear  degradation  in 
Figure  1  is  typical  of  CGNs  exposed  to  excitotoxins 
but  differs  from  that  found  after  exposure  of  the  same 
cultured  neurons  to  low  K  media,  mitochondrial 
complex  inhibitors,  cytosine  arabinoside,  or  kinase  in¬ 
hibitors  (data  not  shown,  but  also  see  Wadia  and  col¬ 
leagues14  for  our  laser  confocal  scanning  microscopy 
examination  of  cultured  neuron-like  cells  after  trophic 
withdrawal).  Similarly,  we  have  found  marked  varia¬ 
tion  in  the  patterns  of  nuclear  degradation  shown  using 
multiple  markers  for  MPTP-exposed  murine  nigral 
neurons,15  hypoxic  neurons  in  the  porcine  hippocam¬ 
pus,16  retinal  ganglion  cells  in  postmortem  glaucoma¬ 
tous  eyes,17  and  nigral  neuromelanin-containing  neu¬ 
rons  in  PD  postmortem  brain. 18-20  Apoptotic  nuclear 
degradation  can  be  hard  to  detect  on  neuropathological 
examination  because  of  the  rapid  shrinkage,  degrada¬ 


tion,  and  phagocytosis  of  affected  neurons.  Apoptotic 
nuclear  degradation  has  an  apparent  life  of  less  than  12 
hours  in  culture14  and  apparently  less  than  several  days 
in  intact  neuropil.16  Accordingly,  only  a  small  percent¬ 
age  of  neurons  show  evidence  of  apoptotic  degradation 
at  any  single  time  point,  even  when  the  cells  are  initi¬ 
ated  into  apoptosis  almost  simultaneously.21 

Variation  in  Patterns  of  Apoptotic  Nuclear 
Degradation  Reflect  Postmitochondrial  Multiple 
Signaling  Pathways 

Apoptotic  cellular  degradation  depends  on  several  in¬ 
teracting  signaling  pathways  as  schematized  in  Figure 
2.  Different  insults  and/or  cellular  phenotypes  activate 
different  signaling  events,  which  can  be  reflected  in  dif¬ 
ferences  in  the  morphology  of  nuclear  degradation, 
particularly  those  for  chromatin  condensation  and/or 
DNA  fragmentation.  The  caspase  family  of  proteases 
comprise  fundamental  components  of  many  apoptotic 
signaling  pathways.22,23  To  date,  approximately  14 
caspases  have  been  characterized  in  mammals.  They  are 
normally  expressed  as  inactive  proenzymes  and  are  ac¬ 
tivated  by  proteolysis  and  can  act  on  cytoskeletal  pro- 
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Fig  2.  Schematic  for  postmitochondrial  signaling  for  apoptotic  degradation.  The  boxes  with  hatched  borders  enclose  the  four  diffaent 
sigpaling  systems  for  apoptotic  degradation.  The  arrows  and  T-bars  linking  the  different  signaling  elanents  are  black  for  caspase- 
dependent  signaling  and  gray  for  caspase-independent  sigpaling  Cytochrome  c,  SMAC/Diablo,  AIF,  and  endonuclease  G  all  are 
released  from  mitochondria  because  of  increased  mitochondrial  manbrane  permeability.  All  of  the  abbreviations  are  defined  in  the 
text. 


teins,  nuclear  proteins,  or  antiapoptotic  signaling  pro¬ 
teins.  At  least  four  different  signaling  systems  can 
contribute  to  nuclear  chromatin  condensation  and 
DNA  fragmentation  as  shown  in  Figure  2  by  the  boxes 
with  hatched  borders.  T  wo  of  the  signaling  systems  de¬ 
pend  on  caspases:  (1)  the  cytochrome  c,  apoptotic 
protease-activating  factor  1  (Apaf-1),  and  pro-caspase 
9  system;  and  (2)  the  second  mitochondrial  derived  ac¬ 
tivator  of  caspases  (SMAC)/direct  IAP  binding  protein 
(Diablo)  system.  The  caspase-dependent  pathways  are 
shown  in  Figure  2  by  the  black  connectors.  The  other 
two  systems  are  caspase  independent:  (1)  the  apoptosis 
initiation  factor  (AIF)  system  and  (2)  the  endonuclease 
G  system  (both  shown  in  Fig  2  by  the  gray  connec¬ 
tors). 

Initially,  it  was  found  that  cytochrome  c  released 
from  mitochondria  interacts  with  Apaf-1  and  dATP  to 
provide  a  platfonn  that  provides  for  the  conversion  of 
pro-caspase  9  (also  released  from  mitochondria)  to  ac¬ 
tivated  caspase  9.  Activated  caspase  9  then  converts 
pro-caspase  3  to  activated  caspase  3.  Activated  caspase 
3  cleaves  the  inhibitor  of  caspase-activated  DNase 
(ICAD)  to  generate  caspase-activated  DNase  (CAD), 


which  fragments  nuclear  DNA24  Activated  caspase  3 
also  can  signal  for  other  aspects  of  apoptotic  cellular 
degradation  including  nuclear  chromatin  condensation 
through  protease-activated  acinus,  actin  cytoskeletal  di¬ 
gestion  by  the  protease  gelosin,  and  nuclear  lamin 
cleavage  through  caspase  6. 

Caspases,  like  caspase  3,  can  be  inhibited  by  one  or 
more  members  of  a  family  of  constitutively  active  pro¬ 
teins,  the  inhibitors  of  apoptosis  (IAPs).  IAPs  bind  to 
and  inactivate  the  caspases  and  thereby  can  prevent  or 
reduce  nuclear  degradation  by  the  cytochrome  d Apaf-1 
system.  In  turn,  SMAC/Diablo,  released  from  mito¬ 
chondria,  can  bind  and  inactivate  the  IAPs,  thereby  al¬ 
lowing  caspases  9,  3,  and  6  to  signal  for  apoptotic  deg¬ 
radation  as  illustrated  in  Figure  2.  One  might  expect 
that  the  joint  release  of  cytochrome  c,  pro-caspase  9, 
and  SMAC/Diablo  from  mitochondria  would  be  par¬ 
ticularly  effective  in  mediating  apoptotic  degradation. 

As  shown  in  Figure  2,  activated  caspase  3  can  play  a 
pivotal  role  in  the  signaling  for  apoptotic  degradation. 
It  now  appears  that  activated  caspase  3  contributes  to 
neuronal  apoptosis  in  the  PD  nigra.  Our  group19  and 
others25  have  independently  shown  immunoreaction 
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for  activated  caspase  3  in  a  small  proportion  (  2%)  of 
neuromelanin-containing  neurons  in  the  nigra  of  PD 
postmortem  brains.  The  activated  caspase  3  immuno- 
reaction  was  not  present  in  nigral  neuromelanin- 
containing  cell  bodies  in  postmortem  brain  tissue  from 
age-matched  controls.  Accordingly,  caspase  3  activation 
may  be  responsible  for  the  joint  presence  of  chromatin 
condensation  and  DNA  fragmentation  (similar  to  Fig 
1A1-A4  above)  in  the  nuclei  of  some  nigral 
neuromelanin-containing  neurons  in  PD  postmortem 
brain. 18-20  The  relative  roles  played  by  the  cytochrome 
c/Apaf-1  and  the  SMAC/Diablo  systems  in  the  caspase 
3  activation  found  in  the  PD  nigra  are  not  known.  In 
normal  cells,  both  cytochrome  c  and  SMAC/Diablo  are 
strictly  localized  to  mitochondria,  but  in  apoptosis  they 
are  concentrated  in  the  cytosol.  It  remains  to  be  deter¬ 
mined  whether  one  or  both  of  the  signaling  proteins  is 
present  in  the  cytosol  of  PD  neuromelanin-containing 
nigral  neurons. 

Examination  of  degradation  signaling  in  several 
apoptosis  models  has  established  that  a  soluble  fla- 
voprotein,  AIF,26  can  be  released  from  the  intermem¬ 
brane  space  of  mitochondria  and  then  translocates  to 
nuclei  where  it  induces  large-scale  DNA  fragmentation 
and  also  contributes  to  chromatin  condensation  (see 
Cande  and  colleagues27  for  a  review).  AIF  has  NADH 
oxidase  activity  and  can  be  released  from  mitochondria 
independently  of  cytochrome  c  and  pro-caspase  9.28 
The  basis  for  selective  AIF  release  is  not  known.  Mi¬ 
croinjection  of  cells  with  recombinant  AIF  causes  only 
peripheral  chromatin  condensation  (stage  1,  see  exam¬ 
ples  in  Fig  1),  whereas  micro  injection  with  activated 
caspase  3  or  its  downstream  target  CAD  causes  more 
pronounced,  whole  nuclear  chromatin  condensation 
(stage  2  as  above  in  Fig  l).29  In  some  forms  of  apo¬ 
ptosis,  AIF  induces  cytochrome  c  release  from  mito¬ 
chondria.30  Accordingly,  the  stage  1  followed  by  stage 
2  nuclear  degradation  shown  in  Figure  1  for  glutamate- 
exposed  CGNs  may  result  from  initial  AIF  release  fol¬ 
lowed  by  subsequent  cytochrome  c/pro-caspase  9  re¬ 
lease.  AIF  has  been  shown  to  induce  nuclear 
degradation  in  approximately  50  different  apoptosis 
models,27  but,  to  date,  we  have  not  observed  a  stage  1 
pattern  of  nuclear  degradation  in  neuromelanin- 
containing  neurons  of  the  PD  nigra  (W.  Tatton  and 
N.  Tatton,  unpublished  observations).  Hence,  AIF 
may  not  contribute  to  apoptotic  nuclear  degradation  in 
the  PD  nigra. 

Finally,  a  mitochondrial  DNase,  endonuclease  G 
that  normally  acts  on  mitochondrial  DNA  can  be  re¬ 
leased  from  mitochondria.31'32  Nuclear  DNA  fragmen¬ 
tation  caused  by  endonuclease  G  is  independent  of  ei¬ 
ther  caspase  or  CAD  activity  as  shown  in  Figure  2. 
Endonuclease  G  can  be  released  from  mitochondria  by 
BID  (BCL-2  interacting  domain)  and  is  a  feature  of 
apoptosis  induced  by  FAS  ligand  (see  below).  Although 


FAS  ligand  has  been  implicated  in  nigral  apoptosis  in 
PD,33’34  it  is  not  known  whether  endonuclease  G  con¬ 
tributes  to  apoptotic  nuclear  degradation  in  this  disease. 

The  Contusion  Regarding  Parkinson’s  Disease 
Apoptosis  Caused  by  TUNEL 
There  are  several  practical  problems  with  the  use  of 
TUNEL  to  detect  apoptosis  in  postmortem  brain  tissue 
(see  Tatton  and  Rideout18  Tatton  and  colleagues20  for 
details):  (1)  direct  damage  to  DNA  by  reactive  oxygen 
species  can  be  detected  by  TUNEL  causing  necrosis  to 
be  mistaken  for  apoptosis35;  (2)  prolonged  postmortem 
delays  before  fixation,  or  prolonged  fixation,  increase 
nonspecific  3  DNA  end  labeling  resulting  in  false¬ 
positive  evidence  for  apoptosis36’37;  (3)  dividing  cells, 
for  example,  glia,  can  be  labeled  with  d-UTP  during 
mitosis  and  wrongly  identified  as  apoptotic  cells38’39; 
(4)  protein  cross-linking  by  overfixation  can  impede 
d-UTP  access  to  cut  3  DNA  ends  causing  false- 
negatives40;  (5)  different  endonucleases  can  cut  DNA 
bluntly  so  that  both  strands  are  cut  at  the  same  level, 
or  in  an  overhanging  or  in  an  underhanging  manner, 
each  of  which  differentially  affects  the  affinity  of  T dT 
for  d-UTP  DNA  end  labeling41  and  can  either  pro¬ 
mote  false-positives  or  false-negatives;  and  (6)  divalent 
cations,  particularly  Mg2  or  Ca2  ,  increase  d-UTP 
affinity  for  DNA  3  ends42  so  that  small  concentration 
changes  can  produce  false  results. 

As  might  be  expected  based  on  the  multiple  defi¬ 
ciencies  of  TUNEL,  different  studies  have  reported 
markedly  varying  results  for  detecting  apoptotic  nuclei 
in  the  postmortem  PD  nigra.  Some  studies  have  re¬ 
ported  that  less  than  1%  of  nigral  neuromelanin- 
containing  cells  are  TUNEL-positive  in  PD,  which  ap¬ 
pears  consistent  with  known  rates  of  the  loss  of  those 
cells  in  PD. 20,43  45  Yet,  other  studies  failed  to  detect 
nigral  cell  TUNEL,46  found  high  percentages  of 
TUNEL  in  control  nigra,47  or  reported  that  TUNEL 
was  limited  to  glial  cell  nuclei.48  Accordingly,  the  use 
of  TUNEL  fostered  a  confused  picture,  which  has 
caused  some  to  doubt  a  contribution  of  apoptosis  to 
PD  neuronal  loss.  Rather  than  decide  for  or  against 
neuronal  apoptosis  in  PD,  the  findings  confirmed  the 
view  that  TUNEL,  used  by  itself,  cannot  reliably  detect 
apoptosis  in  postmortem  brain  tissue. 

The  demonstration  of  nuclear  DNA  cleavage  using 
TUNEL  in  PD  nigra  has  been  made  reliable  by  the 
simultaneous  application  of  fluorescent  DNA  binding 
dyes  to  jointly  detect  chromatin  condensation  and 
DNA  cleavage  in  the  same  nuclei.19’20’49  As  shown  in 
Figure  2,  nuclear  DNA  cleavage  and  chromatin  con¬ 
densation  are  mediated  by  signaling  steps  that  can  be 
independent  of  each  other,  so  that  their  joint  demon¬ 
stration  in  a  single  nucleus  makes  apoptotic  nuclear 
degradation  virtually  certain.  The  conjugation  of 
BODIPY  to  d-UTP  for  detecting  DNA  cuts  coupled 
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with  the  use  of  fluorescent  dyes  such  as  YOYO-1  that 
detect  chromatin  condensation  allows  the  two  apopto¬ 
sis  markers  to  be  fluorescently  detected  at  different 
wavelengths  in  the  same  nucleus.  The  detection  of 
apoptosis  can  be  further  enhanced  by  the  use  of  a  third 
fluorochrome  that  demonstrates  a  subnuclear  distribu¬ 
tion  for  lamin  or  histone  immunofluorescence  as  illus¬ 
trated  in  Figure  1. 

Apoptosis  Signaling  Pathways  in  Parkinson’s 
Disease  Nigral  Neurons 

Increased  levels  of  proteins  that  signal  for  apoptosis 
have  been  demonstrated  in  neurons  in  the  PD  post¬ 
mortem  nigra  and  provide  a  picture  of  the  pathway(s) 
responsible  for  apoptotic  degradation  in  the  disease. 
Two  groups  have  reported  increases  in  BAX19'30  in  ni¬ 
gral  neurons  in  PD.  Changes  in  mitochondrial  mem¬ 
brane  permeability  with  the  release  of  factors  that  sig¬ 
nal  for  apoptotic  degradation  are  now  known  to 
constitute  the  major  decisional  step  in  many  apoptosis 
signaling  pathways  (schematized  in  Fig  3  and  recently 
reviewed  in  Parone  and  colleagues51).  Signaling  factors 
for  apoptotic  degradation  such  as  cytochrome  c,  pro- 
caspase  9,  AIF,  SMAC/Diablo,  and  endonuclease  G  are 


released  from  the  intennembranous  space  that  separates 
the  inner  and  outer  mitochondrial  membranes.  As 
shown  in  Figure  3,  two  mechanisms  are  thought  to  in¬ 
crease  outer  membrane  permeability:  (1)  the  formation 
of  pores  or  the  opening  of  existing  pores  in  the  outer 
mitochondrial  membrane52;  and  (2)  opening  of  a  mul¬ 
tiprotein  megapore,  the  penneability  transition  pore 
complex  (PTPC),  which  spans  the  inner  and  outer  mi¬ 
tochondrial  membranes.53 

BAX,  in  association  with  its  cousin  BAK,54  may  play 
a  role  in  either  of  those  mechanisms,  although  the  basis 
for  the  BAX-induced  changes  in  outer  mitochondrial 
membrane  permeability  are  controversial.53  BAX  oli¬ 
gomers  can  insert  into  planar  phospholipid  bilayer 
membranes  and  promote  dissolution  of  the  mem¬ 
branes.56  In  some  apoptosis  models,  BID  can  induce 
BAX  oligomerization  and  the  release  of  cytochrome  c 
or  SMAC/Diablo  from  liposomes57  or  mitochon¬ 
dria.5859  BID  also  can  induce  BAX  insertion  into  the 
outer  membrane60  or  cause  BAX  to  bind  to  the 
PTPC.61  In  other  fonns  of  apoptosis,  BID  may  not  be 
required  for  BAX  accumulation  in  mitochondria62  (see 
Tatton  and  colleagues21  for  an  example  of  BAX  mito¬ 
chondrial  concentration  in  apoptosis). 


Fig  3.  Schematic  for  premitochondrial  signaling  for  apoptosis  in  the  PD  nigra.  The  schematic  illustrates  the  key  role  of  the  proapop- 
totic  protein  BAX  in  the  induction  of  increased  mitochondrial  membrane  penneability  that  allows  the  release  of  the  different  factors 
that  signal  for  apoptotic  degradation.  Two  possibly  interdependent  signaling  pathways  have  bear  drown  to  activate  BAX  and/or  its 
antagonists,  BCL-2,  and  BCL-XL.  The  signaling  elements  that  have  been  diown  by  immunocytodiemidry  of  PD  postmortem  nigra 
are  enclosed  in  boxes:  (1)  the  p53-GAPDH-BAX  pathway,  and  2)  the  FAS  receptor-FADD-caspase  8-BAX  pathway.  UPS 
ubiquitin-proteasomal  system;  SMase  sphingomyelinase.  The  ranaining  abbreviations  are  defined  in  the  text. 
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It  has  alternatively  been  proposed  that  opening  of 
the  PTPC  causes  osmotic  shifts  across  the  inner  mito¬ 
chondrial  membrane  with  consequent  mitochondrial 
swelling  and  rupture  of  the  outer  mitochondrial  mem¬ 
brane,  which  may  be  responsible  for  the  release  of  the 
apoptotic  degradation  factors  from  mitochondria  (see 
Halestrap  and  colleagues63  for  a  review  of  factors  that 
influence  the  PTPC).  That  view  is  supported  by  stud¬ 
ies  showing  that  agents  like  cyclosporin  A,  which  pro¬ 
mote  PTPC  closure  reduce  cytochrome  c  release  and 
apoptosis  in  some  models.64  Furthermore,  BAX  has 
been  shown  to  bind  to  either  the  adenine  nucleotide 
translocator  (ANT)  or  the  voltage  dependent  anion 
channel  (VDAC)  of  the  PTPC.  BAX  binding  to 
ANT65  or  VDAC66  markedly  increases  the  conduc¬ 
tance  of  isolated  membranes.  Accumulating  data  sug¬ 
gest  that  either  ANT  or  VDAC67  may  increase  inner 
mitochondrial  penneability  in  different  fonns  of  apo¬ 
ptosis.  A  recent  study  suggests  that  two  separate  mech¬ 
anisms  are  responsible  for  cytochrome  c  release  from 
mitochondria  in  apoptosis.68  First,  it  may  be  released 
via  the  formation  of  outer  mitochondrial  membrane 
pores;  second,  cytochrome  c  may  be  stored  in  mito¬ 
chondrial  cristae  formed  from  the  inner  membrane  that 
fuse  with  the  outer  membrane  and  allow  the  release 
cytochrome  c  through  the  PTPC.  If  confirmed,  those 
findings  may  serve  to  defuse  the  controversy  concern¬ 
ing  the  release  of  apoptotic  degradation  factors  from 
mitochondria. 

Although  increased  BAX  levels  have  been  shown  in 
nigral  neurons  in  PD  postmortem  brain,19  50  it  is  not 
known  whether  BAX  is  concentrated  in  mitochondria 
or  whether  any  such  concentration  involves  the  outer 
or  inner  mitochondrial  membrane  and/or  the  ANT  or 
VDAC.  EM  immunocytochemistry  will  be  required  to 
determine  the  role  of  BAX  relative  to  mitochondria  in 
the  postmortem  nigra. 

Two  premitochondrial  apoptosis  signaling  pathways 
have  been  implicated  in  nigral  neuronal  apoptosis  by 
immunocytochemistry  of  PD  postmortem  brain:  (1)  a 
p53  GAPDH  BAX  pathway;  and  (2)  a  FAS  or  tumor 
necrosis  factor  (TNF)-  receptor-FADD-caspase 
8 -BAX  pathway.  The  tumor  suppressor  protein,  p53, 
has  been  implicated  in  numerous  forms  of  apoptosis 
and  can  induce  signaling  for  apoptosis  by  either  tran¬ 
scriptional  or  posttranslational  mechanisms.69  In  some 
forms  of  apoptosis,  p53  induces  transcriptionally  medi¬ 
ated  increases  in  GAPDH  and  BAX.70'71  As  shown  in 
Figure  3,  p53  also  might  contribute  to  apoptosis  in¬ 
duced  by  decreased  mitochondrial  complex  I  activity,72 
dysfunction  of  the  ubiquitin-proteasome  system 
(UPS), 73-75  or  trophic  insufficiency,76  all  of  which 
have  been  suggested  to  play  a  role  in  PD  pathogene¬ 
sis.77-79 

GAPDH  is  a  multifunction  protein80  that  is  best 
known  as  a  glycolytic  enzyme,  but  also  functions  as  an 


apoptosis  signaling  protein.81,82  Studies  with  antisense 
oligonucleotides  show  that  GAPDH  can  be  essential  to 
the  progression  of  apoptosis  initiated  by  a  variety  of 
different  insults  to  neuronal  cells.70,83-87  GAPDH 
mRNA  and  protein  levels  increase  early  in  neuronal 
apoptosis  caused  by  insults  such  as  excitotoxins,  reduc¬ 
tion  of  media  K  ,  cytosine  arabinoside  exposure,  and 
aging  (see  Tatton  and  colleagues88  for  detailed  refer¬ 
ences).  Like  others,  we  found  that  GAPDH  levels  be¬ 
gin  to  increase  at  least  4  hours  before  the  appearance  of 
nuclear  DNA  cleavage  and  chromatin  condensation.89 
In  apoptosis  in  model  systems  involving  GAPDH 
upregulation,  GAPDH  accumulates  densely  in  the 
nucleus.85,87,89,90  For  example,  our  studies  with  a 
GAPDH-green  fluorescent  protein  (GFP)  construct91 
show  that  the  GAPDH-GFP  fusion  protein  progres¬ 
sively  accumulates  in  the  nucleus  of  a  proportion  of  the 
cells  in  the  first  2  hours  after  exposure  to  apoptosis- 
initiating  agents.  GAPDH  movement  from  the  cytosol 
to  the  nucleus  occurs  progressively  during  the  first  2  to 
6  hours  in  some  fonns  of  apoptosis.89  As  shown  in 
Figure  3,  nuclear  GAPDH  appears  to  decrease  the 
transcription  of  BCL-2  and  BCL-Xl,21  which  oppose 
the  increased  mitochondrial  membrane  penneability 
and  apoptotic  degradation  factor  release  induced  by 
BAX92  and  thereby  protect  against  the  development  of 
apoptosis.  The  dense  nuclear  accumulation  of  GAPDH 
immunoreaction  is  a  marker  of  p53-GAPDH-depen- 
dent  apoptosis  signaling  (see  Tatton  and  colleagues88 
for  references).  GAPDH  dense  nuclear  accumulation 
has  been  demonstrated  in  a  small  proportion  of  nigral 
neuromelanin-containing  neurons  in  PD  postmortem 
brain,19  supporting  the  possibility  that  the  p53- 
GAPDH-BAX  signaling  pathway  is  involved  in  apo¬ 
ptosis  of  PD  nigral  neurons. 

Inflammation  also  has  been  proposed  to  contribute 
to  PD  pathogenesis,93  in  part  through  upregulation  of 
inflammatory  cytokines  such  as  TNF-  . 79,94  The  TNF 
receptor  super  family,  that  includes  TNF-  95  and  FAS 
receptor,96  causes  apoptosis  through  caspase-dependent 
pathways  that  do  not  involve  changes  in  transcrip¬ 
tion.97  The  receptors  are  linked  to  adapter  proteins 
such  as  FADD  that  activate  caspases,  particularly 
caspase  8,  which,  as  illustrated  in  Figure  3,  can  activate 
BAX-dependent  increases  in  mitochondrial  penneabil¬ 
ity  or  can  bypass  mitochondria  and  directly  activate 
caspase  3.  Studies  of  PD  postmortem  nigra  have  sug¬ 
gested  that  FAS,33,34  FADD,98  and  caspase  899  may 
each  contribute  to  PD  neuronal  loss.  On  the  surface, 
these  findings  may  suggest  that  two  separate  signaling 
pathways — a  cytokine-activated  pathway  and  a  p53- 
dependent  pathway  may  contribute  to  neuronal  apo¬ 
ptosis  in  PD.  Recent  work  in  Down’s  syndrome  sug¬ 
gests  that  FAS  receptor  and  p53-GAPDH  may 
contribute  to  cortical  neuronal  apoptosis  in  Down’s 
syndrome,100,101  whereas  other  studies  suggest  that 
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FAS-induced  apoptosis  may  be  linked  to  p53 -induced 
apoptosis  through  jun  N-terminal  kinase  (JNK)  activa¬ 
tion102  (see  Fig  3).  It  also  has  been  shown  that  the  FAS 
receptor  can  be  upregulated  by  p53  after  a  lesion  to  the 
cell,  particularly  that  induced  by  DNA-damaging 
agents.103  This  p53-induced  upregulation  of  FAS  re¬ 
ceptor  can  induce  apoptosis  through  a  FAS/FAS  ligand- 
dependent  pathway.  Accordingly,  nigral  apoptosis  in 
PD  might  involve  interdependent  signaling  by  the  FAS 
receptor  and  p53 -dependent  signaling  pathways. 

Does  Apoptosis-Based  Therapy  Flave  a  Place  in 
Parkinson’s  Disease? 

As  described  above,  the  presence  of  DNA  fragmenta¬ 
tion  and  chromatin  clumping  in  the  same  nigral  neu¬ 
rons  coupled  with  upregulation  of  signals  associated 
with  apoptosis  supports  a  role  for  apoptosis  in  PD  neu¬ 
ronal  loss,  and  work  has  begun  to  unravel  the  specific 
signaling  pathways  involved.  As  long  as  considerations 
of  apoptosis  in  disease  focused  on  the  final  degradative 
events  and  not  on  the  upstream  signaling  pathways 
that  link  the  initiating  insults  to  early  signals  leading  to 
apoptotic  degradation,  it  appears  unlikely  that 
antiapoptosis-based  therapies  will  succeed.  The  explo¬ 
sion  in  understanding  of  apoptosis-signaling  networks 
has  fostered  clinical  trials  for  apoptosis-based  therapy 
in  a  variety  of  diseases,  including  PD  (see  Reed104  for 
details).  One  of  the  apoptosis-based  agents  currently  in 
PD  clinical  trial  is  the  deprenyl-related  propargylamine 
CGP3466  (TCF1346),  which  does  not  inhibit  mono¬ 
amine  oxidase  B.  CGP3466  binds  to  GAPDF1105  and 
alters  its  oligomeric  form  thereby  reducing  its  capacity 
to  translocate  to  the  nucleus.89  It  has  been  shown  to 
reduce  apoptosis  in  a  variety  of  models,106’107  appar¬ 
ently  by  altering  the  new  synthesis  and  subcellular 
movement  of  several  apoptosis-related  signaling  pro¬ 
teins,  including  BCL-2  and  BAX.21  Further  insights 
into  the  specific  pathways  that  contribute  to  cell  death 
in  PD  are  likely  to  disclose  further  targets  for  putative 
neuroprotective  therapy. 
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Discussion 

Schapira:  Bill,  you  present  a  convincing  case  for  apo¬ 
ptosis  occurring  in  PD,  but  it  is  not  clear  what  pro¬ 
portion  of  cells  die  by  way  of  apoptosis  as  opposed  to 
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necrosis.  What  proportion  of  nigral  neurons  do  you 
believe  die  by  apoptosis  in  PD. 

Tatton:  To  my  knowledge,  no  one  has  described  ne¬ 
crotic  cells  in  the  PD  nigra.  However,  necrotic  cells 
may  disappear  very  quickly  and  therefore  they  might 
exist,  but  be  undetected.  We  reported  that  at  any  one 
time  approximately  0.8  %  of  neuromelanin-containing 
neurons  in  the  PD  nigra  are  undergoing  apoptotic  de¬ 
generation  based  on  both  nuclear  DNA  fragmentation 
and  nuclear  chromatin  condensation.  Based  on  tissue 
culture  studies,  we  had  previously  reported  that  the  av¬ 
erage  life  of  a  neuron  in  the  stage  of  apoptotic  degra¬ 
dation  was  approximately  12  hours.  However,  our 
more  recent  work  in  the  intact  hippocampus  of  pigs 
exposed  to  hypoxia/ischemia  suggests  that  neurons  may 
remain  in  the  stage  of  apoptotic  degradation  for  days 
or  even  weeks.  Postmortem  cell  counts  and  serial  PET 
studies  in  PD  patients  suggest  that  there  is  an  annual 
rate  of  loss  of  nigral  neurons  of  approximately  3  to 
7%.  If  all  cells  are  dying  by  apoptosis,  this  suggests  that 
markers  of  apoptotic  degradation  can  persist  in  the  PD 
nigra  for  1  to  3  months. 

Another  important  factor  to  consider  is  that  studies 
in  tissue  culture  suggest  that  hypoxia  can  accelerate  the 
premitochondrial  signaling  in  several  forms  of  apopto¬ 
sis,  including  those  induced  by  mitochondrial  complex 
I  or  proteasome  inhibition.  Hence,  hypoxia  or  other 
insults  suffered  during  the  late  stages  of  life  may  in¬ 
crease  the  rates  of  nigral  neurons  entering  apoptosis. 
Furthermore,  agonal  events  at  the  time  of  death  may 
cause  vulnerable  nerve  cells  to  undergo  apoptotic  de¬ 
generation  when  otherwise  this  event  might  not  occur 
for  months  or  years.  Thus,  the  number  of  neurons  that 
show  apoptotic  changes  at  postmortem  may  be  exces¬ 
sively  represented. 

In  both  the  ischemic  pig  hippocampus  and  glauco¬ 
matous  human  retina,  we  have  seen  hippocampal  neu¬ 
rons  and  retinal  ganglion  cells  with  swollen  nuclei  typ¬ 
ical  of  necrosis  similar  to  what  has  been  shown  by 
others  using  high  concentrations  of  glutamate.  We 
have  not  seen  similar  cells  in  the  PD  nigra,  and,  in 
fact,  there  is  no  direct  evidence  for  necrosis  of  nigra 
neurons  in  PD.  In  both  tissue  culture  and  animal  mod¬ 
els,  low-level  chronic  insults,  like  those  proposed  to  un¬ 
derlie  PD  neuronal  death,  cause  apoptosis  rather  than 
necrosis.  Hence,  viewed  from  the  above  perspectives, 
until  proved  otherwise,  the  findings  to  date  indicate 
that  most,  if  not  all,  of  the  loss  of  PD  nigral  neurons  is 
apoptotic. 

Hunot:  Are  you  proposing  a  new  definition  for  apo¬ 
ptosis?  How  do  you  define  apoptosis? 

Tatton:  I  think  of  apoptosis  as  a  multistep,  some¬ 
times  network-like,  signaling  process  that  connects  an 
insult  or  a  stimulus  to  the  degradation  and  phagocyto¬ 
sis  of  cells.  The  signaling  elements  can  vary  for  differ¬ 
ent  insults  or  stimuli  and/or  for  different  cellular  phe¬ 


notypes.  At  its  heart,  apoptosis  is  a  pleomorphic 
process  that  allows  for  the  removal  of  cells  without  as¬ 
sociated  inflammation  that  might  damage  its  neigh¬ 
bors.  This  significance  of  this  definition  is  that  it  per¬ 
mits  the  introduction  of  agents  that  can  interfere  with 
these  signals  or  stimuli  and  prevent  cell  death. 

Olanow:  There  are  many  different  signaling  path¬ 
ways  that  can  lead  to  apoptosis,  some  of  which  are  mi- 
tochondrially  dependent  and  some  of  which  are  not.  I 
support  your  position  that  apoptosis  is  occurring  in  the 
Parkinson’s  disease  brain,  but  I  wonder  if  you  have  any 
views  as  to  which  signaling  pattern  is  the  key  one  in 
Parkinson’s  disease.  As  different  antiapoptotic  agents 
interfere  with  different  signaling  pathways,  this  might 
be  important  for  choosing  which  drugs  to  study  in 
clinical  trial. 

Tatton:  There  is  evidence  that  several  different  sig¬ 
nals  associated  with  apoptosis  are  upregulated  or  trans¬ 
located  in  PD  suggesting  that  they  are  involved  in  the 
neurodegenerative  cascade.  Upregulated  expression  of 
c-Jun,  P53,  GAPDH,  bax,  and  activated  caspase  3  have 
each  been  detected  in  neuromelanin-containing  neu¬ 
rons  in  the  Parkinson’s  disease  nigra.  Furthermore, 
there  is  evidence  of  nuclear  translocation  of  GAPDH 
and  NF  B  in  the  nigra  in  PD.  Another  signal  that  may 
be  involved  is  TNF-  that  can  promote  apoptosis  ei¬ 
ther  through  mitochondria  or  directly  by  activating 
caspase  3  or  caspase  1.  There  is  also  evidence  indicating 
that  opening  of  the  mitochondrial  penneability  pore 
promotes  a  reduction  in  mitochondrial  membrane  po¬ 
tential  with  release  of  apoptosis  initiating  factors  and 
cytochrome  c  There  is  a  question  as  to  whether  com¬ 
plex  I,  which  is  reduced  in  the  PD  nigra,  is  involved  in 
the  mitochondrial  permeability  pore  and  may  be  asso¬ 
ciated  with  a  low  resting  mitochondrial  membrane  po¬ 
tential.  Each  of  these  provides  an  opportunity  to  use 
antiapoptotic  agents  that  either  interfere  with  proapo- 
ptotic  signals  or  promote  closure  of  the  mitochondrial 
penneability  pore. 

Olanow:  Fet  me  ask  you  an  extension  of  that  ques¬ 
tion.  What  does  it  mean  to  block  an  apoptotic  signal 
once  the  apoptotic  sequence  has  begun?  Is  it  too  late  at 
that  point?  Will  the  cell  be  protected  for  a  short  while 
only  to  die  a  little  later  perhaps  by  way  of  a  different 
signaling  pathway?  Indeed,  will  it  go  on  to  necrosis  be¬ 
cause  you  blocked  the  suicide  and  create  even  more 
damage  because  this  will  be  associated  with  an  inflam¬ 
matory  response  that  might  damage  neighboring 
healthy  neurons? 

Tatton:  You  raise  very  good  points.  Once  you  get 
down  into  the  cascade,  for  example,  at  the  level  where 
there  is  activation  of  caspase  3  or  caspase  9  you  are 
probably  past  the  decisional  point  and  there  is  nothing 
to  gain.  The  trick  is  to  find  an  agent  that  works  early 
enough  in  the  apoptotic  signaling  pathway  such  that 
the  cell  is  still  able  to  recover,  perhaps  at  the  level  of 
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caspase  8.  I  particularly  like  the  notion  of  using  D2  or 
adrenergic  agonists  that  appear  to  be  able  to  turn  on  an 
intrinsic  protective  system.  Alternatively,  agents  that 
promote  closure  of  the  mitochondrial  permeability 
pore  maintain  the  mitochondrial  membrane  potential 
and  may  prevent  the  release  of  signals  that  initiate  the 
apoptotic  process. 

Isacson:  What  do  you  think  is  currently  the  best 
marker  of  apoptosis? 

Tatton:  I  think  caspase  3  is  probably  the  best  marker 
of  apoptosis.  When  the  antibody  first  came  out  it 
wasn’t  very  good,  but  now  it  is  excellent  and  a  won¬ 
derful  screening  marker  for  apoptosis.  We  don’t  even 
use  the  1SEL  or  YOYO-1  markers  any  more. 

Schapira:  Let  me  get  back  to  the  point  that  Warren 
raised.  How  do  we  know  that  all  you  accomplish  with 
antiapoptotic  drugs  is  helping  sick  neurons  survive  a 
bit  longer?  What  evidence  is  there  that  they  function 
normally? 

T atton:  Again,  1  think  the  issue  is  where  in  the  cycle 
you  are  interfering  with  apoptosis,  ff  you  are  early 
enough,  1  think  you  can  protect  a  cell  against  cell  death 
such  that  it  retains  its  functional  state.  There  are  now 
numerous  studies  showing  that  antiapoptotic  agents 
can  protect  dopamine  neurons  from  a  variety  of  toxins 
in  both  in  vitro  and  in  vivo  models.  Specifically, 
TCH346  has  been  shown  to  preserve  functional  effects 
in  monkeys  treated  with  MPTP. 

Schapira:  But  logically  your  antiapoptotic  drugs 
should  not  prevent  or  reverse  those  biochemical  events 
that  have  caused  the  neuron  to  be  sick  in  the  first 
place. 

Olanow:  ft  is  also  possible  that  in  PD,  nigral  neurons 
are  vulnerable  and  may  not  be  able  to  tolerate  what 
would  otherwise  be  normal  stresses.  For  example,  a  de¬ 
fect  in  complex  f  might  be  associated  with  a  decrease 
in  resting  mitochondrial  membrane  potential  causing 
the  cell  to  be  vulnerable  to  undergo  apoptosis  when 
exposed  to  otherwise  tolerable  levels  of  oxidative  stress. 


An  antiapoptotic  agent  that  promoted  closure  of  the 
permeability  transition  pore  and  preserved  the  mito¬ 
chondrial  membrane  potential  thus  might  protect  a  cell 
that  is  capable  of  functioning  normally. 

Tatton:  1  agree,  ft  is  important  not  to  think  of  anti¬ 
apoptotic  agents  in  terms  of  degenerative  events  that 
occur  at  the  end  of  the  cascade,  but  rather  those  that 
act  early  enough  in  the  process  that  they  might  protect 
functionally  normal  cells.  If  you  get  far  enough  down 
the  cascade  you  are  in  trouble,  but  apoptosis  should  be 
thought  of  as  really  just  an  extension  of  the  pathogen¬ 
esis  of  cell  death. 

Stocchi:  You  and  others  have  suggested  that  agents 
that  interrupt  premitochondrial  apoptosis  signaling 
may  slow  the  progression  of  PD.  f  am  concerned  that 
a  reduction  in  physiological  apoptosis  by  those  same 
agents  could  induce  uncontrolled  proliferation  and 
cancer. 

Tatton:  As  we  and  others  have  shown,  apoptosis  in 
different  diseases  and  in  response  to  different  toxins 
may  depend  on  different  signaling  pathways.  Those 
pathways  may  or  may  not  intersect  with  those  that  in¬ 
duce  physiological  apoptosis  that  occurs  as  a  balance  to 
excess  proliferation.  Most  neurons  are  postmitotic  and 
do  not  contain  the  signaling  machinery  necessary  to 
limit  proliferation.  Neurodegeneration-related  alter¬ 
ations  in  apoptosis  signaling  in  neurons  therefore  do 
not  tend  to  involve  proteins  that  can  foster  prolifera¬ 
tion  on  their  own.  So,  1  think  it  is  possible  that  we  can 
identify  an  agent  that  will  be  antiapoptotic  in  PD  but 
well  tolerated  with  respect  to  cancer.  Still,  care  must  be 
taken  to  utilize  antiapoptotic  agents  that  interrupt  a 
specific  disease-related  neuronal  apoptosis  signaling 
pathway  and  that  does  not  affect  apoptosis  pathways 
that  oppose  proliferation.  Of  the  several  apoptosis- 
based  therapies  currently  in  clinical  trial  for  neurode- 
generative  diseases,  none  have  so  far  been  found  to  in¬ 
crease  the  incidence  of  cancer  to  my  knowledge. 
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Summary.  Deprenyl  and  other  propargylamines  are  clinically  beneficial  in 
Parkinson’s  disease  (PD).  The  benefits  were  thought  to  depend  on  mono¬ 
amine  oxidase  B  (MAO-B)  inhibition.  A  large  body  of  research  has  now 
shown  that  the  propargylamines  increase  neuronal  survival  independently 
of  MAO-B  inhibition  by  interfering  with  apoptosis  signaling  pathways. 
The  propargylamines  bind  to  glyceraldehyde-3-phosphate  dehydrogenase 
(GAPDH).  The  GAPDH  binding  is  associated  with  decreased  synthesis  of 
pro-apoptotic  proteins  like  BAX,  c-JUN  and  GAPDH  but  increased  synthesis 
of  anti-apoptotic  proteins  like  BCL-2,  Cu-Zn  superoxide  dismutase  and  heat 
shock  protein  70.  Anti-apoptotic  propargylamines  that  do  not  inhibit  MAO- 
B  are  now  in  PD  clinical  trial. 

Keywords:  Deprenyl,  Parkinson’s  disease,  GAPDH,  anti-apoptosis. 


Parkinson’s  disease  (PD)  is  characterized  by  catccholaminergic  neuronal  loss, 
including  the  loss  of  melanin-containing,  dopaminergic  neurons  in  the  sub¬ 
stantia  nigra  compacta  (SNc)  and  noradrenergic  neurons  in  the  locus  coer- 
uleus  (LC).  The  pathobiology  of  the  initiation  and  progression  of  PD  remains 
uncertain  (see  (Olanow  et  al.  1999)  for  a  review).  Stereological  counting  has 
shown  that  SNc  melanin-containing  dopaminergic  are  decreased  by  60%  or 
more  before  PD  becomes  clinically  evident  (Ma  et  ah,  1995).  For  more  than  a 
decade,  pharmacological  agents  have  been  sought  with  the  capacity  to  prevent 
or  slow  the  loss  of  the  40%  of  dopaminergic  SNc  neurons  that  remain  at  the 
time  of  initial  diagnosis  of  the  disease. 
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The  pro-toxin  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP)  kills 
SNc  dopaminergic  neurons  (Langston  et  al.,  1983)  as  well  as  other  catechola- 
minergic  neurons  (Crossman  et  ah,  1987)  in  non-human  primates  with  a 
similar,  but  not  identical,  regional  distribution  of  neuronal  loss  to  that  found 
in  human  PD  (Pill  et  al.,  1988).  MPTP  is  converted  to  the  l-methyl-4- 
phenylpyridinium  ion  (MPP  )  in  astroglia  by  monoamine  oxidase  B  (MAO- 
B)  (Chiba  et  ah,  1984;  Dimonte  et  al.,  1992).  MPP  is  released  from  astroglia 
and  is  selectively  accumulated  in  catecholaminergic  neurons  by  the  plasma 
membrane  dopamine  transporter  (DAT)  (Pill  et  ah,  1993).  Inside  catcchol- 
aminergic  neurons,  MPP  undergoes  high  affinity  uptake  by  the  vesicular 
monoamine  transporter  (VMAT2)  (Del  Zompo  et  al.,  1992;  Peter  et  al., 
1994).  Imaging  of  cultured  dopaminergic  neurons  have  shown  that  MPP 
binding  to  VMT2  causes  the  vesicular  release  of  dopamine  (Lotharius  et  ah, 
2000).  Auto-oxidation  of  the  released  dopamine  results  in  the  production  of 
reactive  oxygen  species  (ROS)  with  consequent  peroxidation  of  macromol¬ 
ecules  leading  to  neuronal  damage  and  death.  MPP  also  binds  to  mitochon¬ 
drial  respiratory  complex  I,  where  it  inhibits  NADH  dehydrogenase  (Nicklas 
et  al.,  1987).  Complex  I  inhibition  by  MPP  is  not  the  primary  cause  of 
neuronal  death  but  likely  augments  the  VMAT2  mediated  cell  damage  caused 
by  the  toxin  (Nakamura  et  al.,  2000). 

In  1984,  Gerald  Cohen  and  colleagues  showed  that  selective  inhibition  of 
MAO-B  by  (  )-deprenyl  prevented  the  depletion  of  striatal  dopamine  by 
MPTP  in  monkeys  (Cohen  et  al.,  1984).  The  finding  was  interpreted  to  show 
that  (  )-deprenyl  protected  the  nigrostriatal  neurons  by  blocking  the  conver¬ 
sion  of  MPTP  to  MPP  by  MAO-B  in  astroglia.  Neurons  in  the  SNc  were 
hypothesized  to  be  highly  vulnerable  to  oxidative  stress  because  of  their 
dopamine  metabolism  and  the  presence  of  iron  and  neuromelanin  in 
their  cytosol,  which  together  might  favor  ROS  formation  (Cohen  et  al.,  1989; 
Olanow,  1993).  Postmortem  analysis  had  shown  increased  iron,  decreased 
glutathione,  and  increased  lipid  peroxidation  in  substantia  nigra  lysates  from 
patients  with  PD  (Jenner  et  al.,  1996).  Selective  inhibitors  of  MAO-B  were 
considered  as  possible  neuronal  protectants  in  PD  because  of  their  capacity  to 
interfere  with  the  oxidative  metabolism  of  dopamine  resulting  in  a  diminished 
likelihood  of  ROS  formation.  Accordingly,  Cohen  et  al’s  finding  provided  a 
major  impetus  for  clinical  trials  to  investigate  the  capacity  of  MAO-B  inhibi¬ 
tion  to  alter  the  clinical  progression  of  PD  [see  Group  (1993)  for  an  ex¬ 
ample],  Although  the  MAO-B  inhibitors  caused  highly  statistically  significant 
clinical  slowing  in  PD,  it  was  uncertain  whether  the  slowing  resulted  from 
reduced  neuronal  death  or  from  a  symptomatic  action  on  dopaminergic 
neurotransmission.  Despite  the  uncertainty  regarding  the  interpretation  of 
the  clinical  trials,  it  is  certain  that  (  )-deprenyl  and  structurally  related 
propargylamines  (DRPs)  can  reduce  neuronal  death  induced  in  vivo  and  in 
vitro  by  a  wide  variety  of  insults  in  a  number  of  different  neuronal  models. 
Those  insults  have  included  6-hydroxydopamine,  MPP  ,  MPTP,  nitric  oxide, 
peroxynitrite,  DSP-4,  glutathione  depletion,  peripheral  nerve  crush  or 
axotomy,  optic  nerve  crush,  trophic  insufficiency,  hypoxia  and/or  ischemia, 
cytosine  arabinoside,  excitotoxins,  thiamine  deficiency,  okadaic  acid  and 
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aging.  Neurons  or  neuron-like  cells  whose  survival  has  been  increased  by 
DRPs  have  included  mesencephalic  or  nigral  dopaminergic  neurons,  hippoc¬ 
ampal  neurons,  dentate  neurons,  cerebellar  granule  and  Purkinje  neurons, 
cerebral  cortical  neurons,  thalamic  neurons,  retinal  ganglion  neurons,  spinal 
and  facial  motoneurons,  neuroblastoma  cells,  and  NGF  differentiated  PC  12 
cells  [reviewed  in  Tatton  et  al.  (2000)]. 

Just  one  year  after  the  initial  report,  Cohen  and  coworkers  reported  a 
second  MPTP-related  finding  (Mytilineou  et  al.,  1985)  that  in  retrospect  led  to 
a  new  understanding  as  to  how  (  )-deprenyl  can  increase  neuronal  survival. 
They  showed  that  (  )-deprenyl  could  reduce  the  loss  of  cultured  mesen¬ 
cephalic  dopaminergic  neurons  caused  by  the  direct  application  of  MPP  .  The 
finding  was  not  easily  accepted  since  it  indicated  that  (  )-deprenyl  reduced 
neuronal  death  by  a  mechanism  other  than  blocking  the  conversion  of  MPTP 
to  MPP  .  The  initial  evidence  for  MAO-B  independent  neuroprotection  by 
(  )-deprenyl  was  subsequently  supported  by  nine  different  studies  employing 
8  different  insults  in  4  different  tissue  culture  and  4  different  animal  models 
[reviewed  in  Tatton  et  al.  (2000)].  Furthermore,  DRPs  that  do  not  inhibit 
MAO-B  or  MAO-A  have  increased  neuronal  survival  in  a  number  of  models 
(Waldmeier  et  al.,  2000a, b;  Zimmerman  et  al.,  1999),  including  SNc  dopamin¬ 
ergic  neurons  in  monkeys  receiving  intra-carotid  MPTP  injections  (Andringa 
et  al.,  2000).  Furthermore,  neurons  in  MAO-B  knockout  mice  are  not  pro¬ 
tected  from  damage  caused  by  hypoxia  or  MPP  (Holschneider  et  ah,  2001). 
In  short,  there  is  no  evidence  to  indicate  that  MAO-B  inhibition  by  (  )- 
deprenyl  or  other  DRPs  can  protect  neurons  from  any  insult  other  than  MPTP 
exposure. 

How  then,  do  (  )-deprenyl  and  DRPs  reduce  neuronal  death?  More  than 
20  studies  in  a  range  of  cell  types  exposed  to  a  number  of  treatments,  toxins  or 
lesions  have  shown  that  (  )-deprenyl  and  DRPs  can  increase  neuronal 
survival  by  reducing  apoptosis  [see  Tatton  et  al.  (2000)  for  detailed  refer¬ 
ences].  In  vitro,  apoptosis  has  been  reduced  in  NGF  differentiated  PC  12 
cells,  neuroblastoma  cells,  human  melanoma  cells,  rat  cerebellar  granule  cells, 
rat  retinal  neurons,  rat  and  mouse  mesencephalic  dopaminergic  neurons, 
SHSY5  dopaminergic  neurons,  and  hippocampal  neurons  while  in  vivo,  it  has 
been  reduced  in  rat  cortical  neurons,  SNc  dopaminergic  neurons,  spinal 
neurons,  motoneurons,  hippocampal  neurons  and  retinal  ganglion  cells. 
Causes  of  the  apoptosis  have  included  hypoxia,  arterial  occlusion,  axon 
crush  or  division,  dieldrin,  MPTP,  MPP  ,  peroxynitrite,  kainic  acid,  6- 
hydroxydopamine,  n-methyl-l-salsolinol,  okadaic  acid,  cytosine  arabinoside 
and  nitric  oxide.  The  reduction  in  neuronal  apoptosis  depends  on  a  capacity  to 
alter  new  protein  synthesis,  particularly  the  new  synthesis  of  proteins  in  the 
nuclear  and  mitochondrial  fractions  (Tatton  et  al.,  2002,  1994).  Importantly, 
the  propargylamines  do  not  alter  new  protein  synthesis  in  undamaged 
nerve  cells.  Rather  a  period  of  one  to  two  hours  is  required  before  damaged 
cells  are  responsive  to  DRP  anti-apoptosis  and  the  responsiveness  continues 
to  about  6  hours  after  cells  are  damaged.  DRPs  have  been  shown  to  prevent 
the  dissipation  of  mitochondrial  membrane  potential  (D'4JM)  that  accom¬ 
panies  some  forms  of  apoptosis  (Paterson  et  al.,  1998;  Wadia  et  ah,  1998; 


512 


W.  Tatton  et  al. 


Zhang  et  al.,  1999).  Prevention  of  apoptotic  decreases  in  BCL-2  or  BCL-Xl 
and  the  translocation  of  BAX  to  mitochondria  appear  to  be  responsible 
for  the  capacity  of  DRPs  to  maintain  DM-V  (Tatton  et  al.,  2002).  DRPs 
also  increase  the  levels  of  ROS  scavengers  like  Cu/Zn  superoxide  dismutase, 
Mn  superoxide  dismutase  and  glutathione  peroxide  and  thereby  can  pre¬ 
vent  ROS  induced  apoptosis.  DRPs  also  alter  the  levels  of  other  proteins 
linked  to  apoptosis  signaling  like  c-JUN,  c-FOS,  heat  shock  protein  70 
and  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  (Tatton  et  ah, 
2002). 

GAPDH  may  mediate  (  )-deprenyl  and  DRP  neuroprotection.  A 
number  of  studies  using  antisense  oligonucleotides  showed  that  GAPDH 
is  essential  to  the  progression  of  some  forms  of  neuronal  apoptosis  [see 
Tatton  et  al.  (2000)  for  a  review],  GAPDH  mRNA  and  protein  levels  in¬ 
crease  in  neurons  early  in  those  apoptosis  signaling  processes  and  are  asso¬ 
ciated  with  the  dense  nuclear  accumulation  of  GAPDH,  which  can  serve  as  a 
marker  of  those  forms  of  apoptosis  involving  GAPDH.  Studies  with  green 
fluorescent  protein  labelled  GAPDH  indicate  the  GAPDH  translocates  from 
the  cytosol  to  the  nucleus  in  some  forms  of  apoptosis  (Shashidharan  et  al., 

1999) . 

Studies  with  photoaffinity  labeled  DRPs  showed  that  DRPs  bind  to 
GAPDH  in  rat  hippocampus  (Kragten  et  al.,  1998)  and  cultured  catechola- 
minergic  cells  (Carlile  et  ah,  2000).  DRPs  prevent  the  GAPDH  upregu- 
lation  and  the  dense  GAPDH  nuclear  accumulation  typical  of  GAPDH- 
associated  apoptosis  (Carlile  et  ah,  2000).  Size  exclusion  chromatography 
has  shown  that  DRPs  convert  GAPDH  from  a  tetramer  to  a  specific  dimeric 
form  in  solution  (Carlile  et  al.,  2000).  DRP  binding  to  GAPDH  appears  to 
prevent  apoptosis  signaling  by  the  protein,  while  allowing  the  enzyme  to 
retain  glycolytic  capacity.  Recent  studies  in  cultured  dopaminergic  mesen¬ 
cephalic  neurons  have  shown  that  micro-injection  of  antibodies  specific 
for  GAPDH  monomer  or  dimer  can  reduce  MPP  toxicity  (Fukuhara  et  al., 
2001). 

Can  the  binding  of  DRPs  to  GAPDH  alter  the  progression  of  PD?  Is 
apoptosis  involved  in  the  neuronal  loss  found  in  PD?  The  use  of  in  situ  end 
labeling  (ISEL,  also  termed  as  TdT  dUTP  nick  end  labeling  or  TUNEL)  PD 
postmortem  brain  initially  suggested  that  apoptosis  contributed  to  SNc 
neuronal  loss  in  PD  but  ISEL  support  for  PD  neuronal  apoptosis  has  been 
inconsistent.  The  inconsistency  has  been  overcome  by  the  use  of  dual  labeling 
for  nuclear  DNA  cleavage  and  chromatin  condensation  (Tatton,  2000;  Tatton 
et  al.,  1998,  1999).  Furthermore,  immunocytochemistry  has  shown  apoptosis 
signaling  proteins  in  neuromelanin  containing  neurons  in  the  PD  SNc.  The 
signaling  proteins  have  included  BAX  and  activated  caspase  3  (Hartmann 
et  al.,  2000,  2001;  Tatton,  2000),  which  leaves  little  doubt  that  apoptosis 
contibutes  to  neuronal  loss  in  PD.  Dense  GAPDH  nuclear  accumulation  has 
also  been  found  in  neuromelanin  containing  neurons  in  the  PD  postmortem 
nigra,  which  seems  to  implicate  GAPDH  in  PD  neuronal  apoptosis  (Tatton, 

2000) .  Accordingly,  part  of  the  benefits  of  (  )-deprenyl  in  PD  may  reflect  the 
capacity  of  DRPs  to  reduce  apoptosis.  An  anti-apoptotic  DRP,  which  does 
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not  inhibit  MAO-B  but  binds  to  GAPDH,  is  currently  in  clinical  trial  as  a 
neuroprotectant  in  PD  (Reed,  2002). 
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ABSTRACT 

Antisense  oligonucleotides  against  the  glycolytic  enzyme  glyc- 
eraldehyde-3-phosphate  dehydrogenase  (GAPDH)  are  able  to 
reduce  some  forms  of  apoptosis.  In  those  forms,  overall 
GAPDH  levels  increase  and  the  enzyme  accumulates  in  the 
nucleus.  The  monoamine  oxidase  B  (MAO-B)  inhibitor,  (2  y 
deprenyl  (DEP),  its  metabolite  (2  )-desmethyldeprenyl,  and  a 
tricyclic  DEP  analog,  CGP3466,  can  reduce  apoptosis  indepen¬ 
dently  of  MAO-B  inhibition  and  have  been  found  to  bind  to 
GAPDH.  We  used  neuronally  differentiated  PC12  cells  to  show 
that  DEP,  DES,  and  CGP3466  reduce  apoptosis  caused  by 
serum  and  nerve  growth  factor  withdrawal  over  the  concentra¬ 
tion  range  of  102  to  10213  M.  We  provide  evidence  that  the 
DEP-like  compounds  bind  to  GAPDH  in  the  PC12  cells  and  that 
they  prevent  both  the  apoptotic  increases  in  GAPDH  levels  and 
nuclear  accumulation  of  GAPDH.  In  vitro,  the  compounds  en¬ 


hanced  the  conversion  of  NAD1  to  NADH  by  GAPDH  in  the 
presence  of  AUUUA-rich  RNA  and  converted  GAPDH  from  its 
usual  tetrameric  form  to  a  dimeric  form.  Using  cell  lysates,  we 
found  a  marked  increase  in  rates  of  NAD1  to  NADH  conversion 
in  early  apoptosis,  which  was  returned  toward  control  values  by 
the  DEP-like  compounds.  Accordingly,  the  DEP-like  com¬ 
pounds  appear  to  decrease  glycolysis  by  preventing  the 
GAPDH  increases  in  early  apoptosis.  GAPDH  dimer  may  not 
have  the  capacity  to  contribute  to  apoptosis  in  a  similar  manner 
to  the  tetramer,  which  might  account  for  the  antiapoptotic 
capacity  of  the  compounds.  These  actions  on  GAPDH,  rather 
than  MAO-B  inhibition,  may  contribute  to  the  improvements  in 
Parkinson’s  and  Huntington’s  diseases  found  with  DEP  treat¬ 
ment. 


Studies  with  antisense  oligonucleotides  showed  that  glyc- 
eraldehyde-3-phosphate  dehydrogenase  (GAPDH)  is  neces¬ 
sary  for  apoptosis  to  proceed  in  cerebrocortical  neurons  and 
PC12  cells  (Ishitani  et  al.,  1996;  Sawa  et  al.,  1997).  GAPDH 
levels  increase  during  the  early  part  of  apoptosis  (Sunaga  et 
al.,  1995;  Ishitani  et  al.,  1996,  1997,  1998;  Saunders  et  al., 
1997).  In  nonapoptotic  cells,  GAPDH  is  primarily  found  in 
the  extra  nuclear  cytoplasm  with  only  sparse  localization  to 
small  punctate  areas  in  the  nucleus  (Carlile  et  al.,  1998).  In 
apoptosis,  GAPDH  accumulates  densely  in  the  nucleus,  and 
that  accumulation  has  been  proposed  to  underlie  its  role  in 
apoptosis  (Saunders  et  al.,  1997;  Sawa  et  al.,  1997;  Ishitani  et 
al.,  1998;  Shashidharan  et  al.,  1999). 

GAPDH  may  participate  in  the  pathogenesis  of  some  neu- 
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rodegenerative  diseases.  GAPDH  binds  to  the  mutant  pro¬ 
teins  with  polyglutamine  repeats  in  Huntington’s  disease 
(HD)  and  related  degenerative  conditions  (Burke  et  al., 
1996).  GAPDH  is  found  in  amyloid  plaques  in  Alzheimer’s 
disease  (AD)  brains  (Sunaga  et  al.,  1995),  and  GAPDH  nu¬ 
clear  accumulation  is  present  in  association  with  apoptosis  in 
nigral  neuronal  nuclei  in  postmortem  Parkinson’s  disease 
(PD)  brain  (N.  Tatton,  unpublished  observations).  Although 
there  is  evidence  for  metabolic  abnormalities  in  HD  tissues, 
GAPDH  glycolytic  activity  does  not  appear  to  be  altered  in 
HD  brain  tissue  (Kish  et  al.,  1998). 

Neuronal  loss,  likely  by  apoptosis,  is  central  to  AD.  HD, 
and  PD  (Cotman,  1998;  Tatton  et  al.,  1998;  Petersen  et  al., 
1999).  The  monoamine  oxidase  B  (MAO-B)  inhibitor  (2  )- 
deprenyl  (DEP)  slows  the  progression  of  PD  clinical  deficits 
(Parkinson’s  Study  Group,  1993;  Olanow  et  al.,  1995)  and 


ABBREVIATIONS:  GAPDH,  glyceraldehyde-3-phosphate  dehydrogenase;  DEP,  (2  )-deprenyl;  DES,  (2  )-desmethyldeprenyl;  PML,  promyelocytic 
leukemia;  BL,  BODIPY-labeled;  PND,  partially  neuronally  differentiated;  LCSM,  laser  confocal  scanning  microscopy;  M/SI  N,  minimum  essential 
medium  with  serum  and  nerve  growth  factor;  BCA,  bicinchoninic  acid;  NGF,  nerve  growth  factor;  M/O,  minimum  essential  medium  only;  CGP3466, 
N-methyl-N-propargyl-102  aminomethyl-dibenzo[b,f]oxepin;  HD,  Huntington’s  disease;  AD,  Alzheimer’s  disease;  PD,  Parkinson’s  disease; 
MAO-B,  monoamine  oxidase  B. 
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may  also  reduce  clinical  deficits  in  HD  (Patel  et  al.,  1996). 
The  basis  for  clinical  improvements  with  DEP  are  uncertain 
because  the  clinical  trial  data  do  not  allow  for  the  differenti¬ 
ation  of  a  slowed  rate  of  neuronal  loss  from  a  symptomatic 
effect  like  that  caused  by  increased  dopamine  availability 
(see  Fahn,  1996).  DEP  and  its  metabolite,  (2  )-desmethylde- 
prenyl  (DES),  reduce  apoptosis  in  a  variety  of  cells  (Tatton  et 
al.,  1994;  Le  et  al.,  1997;  Paterson  et  al.,  1997,  1998;  Kragten 
et  al.,  1998;  Magyar  et  al.,  1998;  Maruyama  et  al.,  1998; 
Wadia  et  al.,  1998)  via  mechanisms  that  are  independent  of 
MAO-B  inhibition  (Tatton  and  Chalmers-Redman,  1996)  and 
require  new  protein  synthesis  (Tatton  et  al.,  1994).  CGP3466, 
a  tricyclic  DEP  analog  (N-methyl-N-propargyl-10-amino- 
methyl-dibenzo[b,f]oxepin),  which  does  not  have  the  capacity 
to  inhibit  MAO-B,  reduces  apoptosis  and  binds  specifically  to 
GAPDH  (Kragten  et  al.,  1998).  The  GAPDH  binding  has  been 
proposed  to  account  for  the  antiapoptotic  capacities  of  DEP- 
like  compounds. 

We  have  carried  out  experiments  in  vivo  and  in  vitro  to 
determine  whether  DES  and  CGP3466  reduce  apoptosis 
caused  by  serum  and  NGF  withdrawal  in  a  similar  manner  to 
DEP  (Tatton  et  al.,  1994;  Wadia  et  al.,  1998)  and  whether  any 


reduction  in  apoptosis  by  DES  and  CGP3466  can  be  linked  to 
actions  on  GAPDH. 

Materials  and  Methods 

PC  12  cells  were  propagated  in  minimum  essential  medium  (MEM) 
containing  10%  horse  serum  and  5%  fetal  bovine  serum.  The  cells 
were  transferred  to  24-well  plates  and  partially  neuronally  differen¬ 
tiated  (PND)  for  6  days  in  the  same  media  supplemented  with  100 
ng/ml  7S  nerve  growth  factor  [NGF;  MEM  with  serum  and  NGF 
(M/SI  N);  see  Wadia  et  al.  (1998)  for  details  of  culture,  treatment, 
preparation,  staining,  and  counting].  On  day  6,  the  cells  were 
washed  repeatedly  to  remove  NGF  and  serum-borne  trophic  agents 
and  replaced  in  M/SI  N  as  controls,  in  MEM  only  (M/O)  for  trophic 
withdrawal,  or  in  MEM  with  DEP,  DES,  or  CGP3466  at  concentra¬ 
tions  varying  from  102  5  to  102  13  M.  At  24  h  after  washing,  cells  were 
harvested  and  lysed,  and  intact  nuclei  were  counted  as  an  estimate 
of  cell  survival  (Fig.  1A,  filled  circles). 

The  cells  were  also  grown  and  treated  as  above  on  poly(L-lysine)- 
treated  coverglass  and  were  stained  with  YOYO-1  (Molecular 
Probes,  Eugene,  OR)  at  various  times  after  washing  to  reveal  chro¬ 
matin  condensation  as  a  marker  of  apoptotic  nuclear  degradation 
(see  Wadia  et  al.,  1998,  for  references).  Cells  on  coverglass  were 
washed  three  times  in  PBS  and  then  put  in  100%  methanol  at  2  20°C 
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Fig.  1 .  DEP -related  compounds  reduce  apoptosis.  DEP,  DES,  and  CGP3466  at  concentrations  ranging  between  102  13  and  1 02  5  M  increase  the  survival 
ofPND-PC12  cells  as  estimated  by  numbers  of  intact  nuclei  (A)  and  decrease  the  number  of  nuclei  with  apoptotic  nuclear  degradation  as  shown  by 
nuclear  chromatin  condensation  revealed  by  YOYO-1  DNA  staining  at  the  same  concentrations  (C).  M/SI  N  indicates  cells  that  were  washed 
repeatedly  to  remove  trophic  support  and  then  replaced  in  MEM  with  serum  and  NGF.  M/O  indicates  cells  that  were  washed  and  then  placed  in  MEM 
only.  B1  and  B2,  typical  examples  of  YOYO-1  stained  normal  nuclei  and  nuclei  with  chromatin  condensation,  respectively.  D,  comparison  of  the 
numbers  of  intact  nuclei  for  cells  treated  with  CGP3466  and  those  treated  with  BL-CGP3466  showing  that  the  BL  compound  retains  most  of  the 
capacity  of  the  unlabeled  compound  to  reduce  cell  death. 
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for  30  s.  The  cells  on  coverglass  were  then  incubated  in  1.5  m M 
YOYO-1  in  PBS  at  room  temperature  for  30  min.  The  cells  were  then 
washed  three  times  in  PBS  and  mounted  in  Aquamount  (Gurr, 
England).  The  total  number  of  YOYO-1  stained  nuclei  were  counted 
on  25  fields  for  each  coverslip,  each  field  was  chosen  by  the  use  of 
pairs  of  randomly  generated  x-y  coordinates,  and  the  number  of 
nuclei  with  chromatin  condensation  were  expressed  as  a  percentage. 
The  values  were  pooled  for  three  coverslips  for  each  treatment  and 
time  point. 

Laser  confocal  scanning  microscopic  (LCSM)  images  were  collected 
using  a  Leica  TCS4D  confocal  microscope  equipped  with  a  tunable 
excitation  filter.  Images  were  collected  with  a  1003  1.4  NA  objective  at 
a  pinhole  setting  of  20  to  minimize  focal  depth.  Images  were  collected  in 
a  512  3  512  3  8  bit  format  and  saved  as  TIFF  files.  Images  of  live  cells 
exposed  to  BODIPY-labeled  (BL)-CGP3466  or  DES  were  similarly  ac¬ 
quired  using  an  environmentally  controlled  chamber  (Medical  Systems 
Corp.)that  houses  a  25-mm  coverglass  on  which  PC  12  cells  were  plated 
and  treated  as  above.  YOYO-1  was  imaged  using  excitation/emission 
values  of  488  nm/515  to  545  nm,  whereas  BODIPY-FL  images  and 
GAPDH  immunoreaction  fluorescence  were  taken  at  568/585  to  615 
and  647/660  long  pass,  respectively. 

To  identify  the  proteins  that  bind  CGP3466  in  the  PND  PC12  cells, 
cells  were  incubated  with  125I  photoaffinity-labeled  CGP3466  at 
varying  times  after  serum  and  NGF  withdrawal.  After  exposure  to 
ultraviolet  light,  total  protein  was  extracted,  run  on  gels,  and  trans¬ 
ferred  to  a  membrane.  PC-12  cells  were  grown  in  MEM  with  serum 
and  NGF  for  6  days,  and  then  serum  and  NGF  were  withdrawn.  One 
hour  before  harvesting,  6  mCi  of  the  photoaffinity-labeled  CGP3466 
was  added.  Thirty  minutes  later,  the  dishes  were  put  in  a  UV 
transilluminator  for  20  min  to  activate  the  azido  group.  After  re¬ 
moval  of  the  medium  and  one  wash  with  balanced  salt  solution,  the 
cells  were  harvested  using  trypsin-EDTA  and  then  centrifuged  at 
lOOOg  for  5  min.  The  supernatant  was  removed  and  the  cells  were 
washed  twice  in  PBS.  The  cells  were  lysed  in  lysis  buffer  (25  mM 
TriszHCl,  pH  7.5,  150  mM  NaCl,  1  mM  EDTA,  and  1%  Triton 
X-100),  and  the  samples  were  stored  frozen  at  2  20°C.  Samples  were 
run  on  an  SDS-polyacrylamide  gel  and  transferred  to  a  nitrocellulose 
membrane.  The  membrane  was  dried  and  exposed  on  x-ray  film. 
After  completion  of  the  autoradiographic  exposure,  the  same  mem¬ 
branes  were  probed  for  GAPDH  immunoreactivity  using  a  mouse 
monoclonal  antibody  (Chemicon  International,  Temecula,  CA)  at  a 
dilution  of  1 :400. 

For  determinations  of  the  time  course  of  changes  in  GAPDH 
levels,  cells  were  grown  on  10-cm  Petri  dishes  for  6  days  and  treated 
as  above.  At  0.5  to  12  h  after  washing,  cells  were  harvested,  and  a 
lysate  was  produced.  The  medium  was  removed  and  placed  in  a 
separate  tube  on  ice,  and  2  ml  of  PBS  was  added  to  each  dish.  The 
cells  were  removed  with  a  cell  scraper  and  centrifuged  for  5  min  at 
1500g  at  4°C,  followed  by  cold  PBS  washes.  The  cells  were  then 
centrifuged  at  2000g  and  lysed  in  lysis  buffer  (25  mM  Tris  zHCl,  pH 
7.5,  150  mM  NaCl,  1  mM  EDTA,  1%  Triton  X-100,  and  5  rrg/ml 
leupeptin,  chymostatin,  pepstatin  A,  and  aprotinin,  plus  1  mM  ben- 
zamidine).  The  lysate  was  stored  at  2  30°C.  Protein  was  assayed  by 
the  bicinchoninic  acid  (BCA)  method. 

To  obtain  protein  from  various  subcellular  fractions,  the  cells  were 
treated  as  above  and  harvested  by  centrifugation  at  lOOOg  for  5  min 
at  4°C.  The  pellets  were  washed  twice  in  cold  PBS  and  resuspended 
buffer  containing  25  mM  HEPES-KOH,  pH  7.5,10  mM  KC1,  1.5  mM 
MgCl2,  1  mM  NaEDTA,  1  mM  NaEGTA,  1  mM  dithiothreitol,  and  5 
/Tg/ml  leupeptin,  chymostatin,  pepstatin  A,  and  aprotinin,  plus  1  mM 
benzamidine  and  250  mM  sucrose.  The  cells  were  homogenized  by  12 
to  15  strokes  of  a  glass  Dounce  homogenizer.  The  homogenates  were 
then  centrifuged  at  700g  for  10  min  at  4°C.  This  pellet  is  the  nuclear 
fraction,  and  the  supernatants  was  further  centrifuged  at  10,000g  for 
15  min  at  4°C.  The  resulting  pellet  represents  the  mitochondrially 
enriched  fraction,  and  the  supernatant  represents  the  cytoplasmic 
fraction.  Both  nuclearly  and  mitochondrially  enriched  fractions  were 
resuspended  in  50  /7l  of  the  above  buffer.  Samples  were  then  frozen 


at  2  30°C.  Before  use,  the  samples  were  protein  assayed  by  the  BCA 
method.  Equal  amounts  of  whole-cell  or  subcellular  fraction  lysates 
were  run  on  a  SDS-polyacrylamide  gel,  Western  blotted,  and  probed 
for  GAPDH  as  above. 

To  demonstrate  the  enrichment  of  cellular  subfractions,  equal 
amounts  of  protein  from  each  fraction  were  Western  blotted  and 
probed  with  antibodies  for  nucleolin  (1:500;  Santa  Cruz  Biochemi¬ 
cals,  Santa  Cruz,  CA),  14-3-3  b  protein  (1 :400;  Santa  Cruz  Biochemi¬ 
cals),  and  cytochrome  oxidase  (0.1  rrg/ml;  Molecular  Probes,  Eugene, 
OR),  which  are  markers  for  the  nuclear,  cytoplasmic,  and  mitochon¬ 
drial  fractions,  respectively. 

For  immunocytochemistry  and  the  examination  of  the  kinetics  of 
cellular  entry  and  accumulation  of  fluorescently  labeled  DES  and 
CGP3466,  PC-12  cells  were  grown  on  a  coverglass  and  partially 
neuronally  differentiated  as  described  (for  details,  see  Tatton  et  al., 
1994;  Wadia  et  al.,  1998).  Cells  were  fixed  in  4%  paraformaldehyde 
and  then  washed  once  in  PBS  and  placed  in  5%  normal  goat  serum 
and  0.01%  Tween-20  in  PBS  for  1  h  at  room  temperature.  The  cell  on 
coverglass  were  again  washed  with  PBS;  placed  in  a  solution  con¬ 
taining  0.5%  normal  serum,  0.01%  Tween-20,  and  mouse  monoclonal 
GAPDH  antibody  at  a  1:300  dilution;  and  incubated  overnight  at 
4°C.  The  cells  on  a  coverglass  were  washed  four  times  with  PBS  and 
exposed  to  a  Cy5-labeled  goat  anti-mouse  secondary  antibody  (Jack- 
son  Immunoresearch,  West  Grove,  PA)  at  a  dilution  of  1:500  in  PBS 
containing  0.5%  normal  serum  and  0.01%  Tween-20  for  1  h  at  room 
temperature.  The  cells  on  coverglass  were  washed  five  times  in  PBS 
and  mounted  in  Aquamount. 

Three-dimensional  protein  structural  models  of  rat  GAPDH  were 
produced  as  in  Borden  (1998)  and  are  described  here  briefly.  The 
structure  of  rat  GAPDH  has  not  been  reported.  GAPDH  structures 
were  obtained  from  the  Brookhaven  protein  database.  GAPDH  is 
highly  conserved  in  terms  of  its  amino  acid  sequence  and  three- 
dimensional  structure  (Kim  et  al.,  1995).  After  inspection  of  struc¬ 
tures  of  GAPDH  from  several  species,  we  decided  to  use  a  GAPDH 
from  Leishmania  mexicana,  in  which  the  structure  had  been  deter¬ 
mined  under  physiological  salt  conditions,  although  this  structure 
did  not  look  significantly  different  from  any  other  GAPDH  structures 
in  the  database  (Kim  et  al.,  1995).  Using  the  program  Insight  (Bio- 
sym,  San  Diego,  CA),  we  modeled  the  rat  GAPDH  sequence  onto  the 
L.  mexicana  structure.  The  subsequent  structure  was  subjected  to 
molecular  dynamics  at  1000  K,  followed  by  cooling  to  300  K,  and  then 
underwent  1000  steps  of  conjugate  gradient  minimization  using 
Discover  (Biosym). 

The  glycolytic  activity  of  GAPDH,  measured  by  the  increase  in 
absorption  at  340  nm,  resulting  from  the  reduction  of  NAD1  to 
NADH  according  to  the  reaction  glyceraldehyde-3-phosphate  1 
NAD1  1  Pj  5  1 ,3-diphosphoglycerate  1  NADH.  The  enzyme  assay 
was  carried  out  in  the  presence  of  0.015  M  sodium  pyrophosphate, 
pH  8.5,  7.5  mM  NAD1  ,  0.1  M  dithiothreitol,  and  0.015  M  GAPDH. 
Immediately  before  its  use,  the  enzyme  was  diluted  in  the  pyrophos¬ 
phate  buffer  to  a  concentration  of  30  /Tg/ml.  A  synthetic  RNA  oligo¬ 
nucleotide  of  15  residues  consisting  of  three  repeating  AUUUA  se¬ 
quences  (Genosys,  Ltd.,  Cambridge,  UK)  was  used  in  the  glycolytic 
studies.  The  glycolytic  activity  of  cell  lysates  produced  from  a  6-h 
exposure  to  MSI  N,  M/O,  and  MOI  DES  was  similarly  determined. 
Cells  were  collected  in  0.01 5  M  sodium  pyrophosphate  buffer,  pH  8.5, 
and  homogenized  with  a  Dounce  homogenizer;  protein  was  assayed 
by  the  BCA  method  (Pierce  Chemical,  Rockford,  IL)  and  stored  at 
2  20°C.  Equal  amounts  of  total  protein  were  incubated  in  0.015  M 
sodium  pyrophosphate,  pH  8.5,  with  NAD1  and  dithiothreitol,  and 
the  conversion  of  NADI  to  NADH  was  determined  as  above. 

To  examine  the  oligomeric  states  ofGAPDH,  Sephacryl  H-300  was 
poured  into  a  glass  column  to  a  height  of  12  cm  and  diameter  of  1  cm. 
The  column  was  washed  using  a  buffer  containing  20  mM  HEPES, 
pH  7.5,  25  mM  KC1,  and  10%  glycerol.  Samples  were  loaded  onto  the 
column  in  volumes  of  less  than  100  rri.  Samples  including  more  than 
one  component  were  coincubated  briefly  before  addition  to  the  col¬ 
umn.  GAPDH,  CGP3466,  and  RNA  were  used  in  nanomolar  concen- 
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trations  in  a  strict  ratio  of  1  molecule  of  GAPDH  to  2  of  RNA  and/or 
2  of  CGP3466.  All  samples  were  dissolved  in  this  buffer.  Where 
indicated,  0.1%  of  SDS  was  used.  To  calibrate  the  column,  the  frac¬ 
tions  for  the  following  proteins  were  determined:  cytochrome  c  (12.4 
kDa)  fraction  23,  lysozyme  (14.4  kDa)  fraction  23,  carbonic  anhy- 
drase  (20  kDa)  fraction  20,  BSA  (67  kDa)  fraction  18,  b-galactosidase 
(116  kDa)  fraction  16,  aldolase  (158  kDa)  fraction  13,  and  macroglob¬ 
ulin  (170  kDa)  fraction  10  (see  calibration  bar  below  Fig.  7B3). 
Protein  was  detected  by  monitoring  the  absorbance  of  individual 
fractions  at  280  nm  and  confirmed  at  293  nm.  Nucleic  acid  was 
detected  similarly  by  monitoring  absorbance  at  260  nm. 

Results 

We  previously  showed  that  apoptosis  initiated  by  serum 
and  NGF  withdrawal  from  PND-PC12  cells  can  be  reduced  by 
DEP  (Tatton  et  al.,  1994;  Wadia  et  al.,  1998).  In  this  study, 
we  used  the  same  model  to  compare  the  antiapoptotic  capac¬ 
ities  of  DEP,  DES,  and  CGP3466.  Reductions  in  apoptosis 
were  estimated  by  two  complementary  measures:  1)  counts  of 
intact  nuclei  as  an  indicator  of  cell  survival  and  2)  counts  of 
cells  with  nuclear  chromatin  condensation  using  a  fluores¬ 
cent  DNA  binding  dye,  YOYO-1,  as  a  measure  of  apoptotic 
nuclear  degradation  (examples  in  Fig.  1,  B1  and  B2).  DES 
and  CGP3466  showed  similar  or  superior  capacities  to  DEP 


to  increase  survival  (Fig.  1A)  and  to  reduce  the  proportion  of 
nuclei  with  chromatin  condensation  (F ig.  1C)  over  concentra¬ 
tion  ranges  of  102  5  to  102  13  M.  At  102  9  M,  all  three  agents  at 
least  doubled  the  proportion  of  cells  that  survived  for  24  h 
after  NGF  and  serum  withdrawal.  In  a  similar  manner,  the 
same  concentration  reduced  the  proportion  of  cells  with  nu¬ 
clear  chromatin  condensation  to  less  than  25%  of  that  found 
at  12  h  after  NGF  and  serum  withdrawal. 

We  also  compared  the  capacity  of  a  BL-CGP3466  (Zimmer- 
mann  et  al.,  1998)  for  details  of  the  fluorescently  labeled  DES 
and  CGP3466)  with  that  of  CGP3466  in  reducing  apoptosis  in 
the  PND-PC 12  model  (F ig.  1 D).  Over  the  concentration  range 
of  102  7  to  102  11  m,  the  BL-CGP3466  retained  75  to  80%  of  the 
capacity  of  CGP3466  to  increase  cell  survival. 

We  then  used  the  BL-CGP3466  with  LCSM  to  follow  the 
entry  and  localization  of  BL-CGP3466  in  living  PND-PC12  cells 
maintained  in  an  environmentally  controlled  chamber.  The  BL- 
CGP3466  fluorescence  revealed  reproducible  rates  of  entry  and 
subcellular  localization  in  the  cells  and  displayed  classic  com¬ 
petition  curves  for  preadded  unlabeled  CGP3466.  Figure  2  pro¬ 
vides  an  example  of  the  competition  in  which  the  addition  of 
1029  M  BL-CGP3466  to  the  chamber  resulted  in  a  gradual 
accumulation  of  subcellular  fluorescence  over  about  30  min 
(Fig.  2,  top).  The  subcellular  distribution  of  the  BL-CGP3466 


BL-CGP3466  10‘9  M  Only 

12  min 

BL-CGP3466  10’9  M  Only 

w  20  min 

BL-CGP3466  10'9  M  Only^  J 

«  Al  V--HW 

W  ’ 

29  min 

CGP3466  10-7  M  before 

CGP3466  10*7  M  before 

CGP3466  1C7  M  before 

BFL-CGP3466  10’9  M 

BL-CGP3466  10‘9  M 

BL-CGP3466  10’9  M 

30  min  >  12  min 

30  min  >  19  min 

30  min  >  29  min 

Fig.  2.  BL-CGP3466  fluorescence  seen  with  LCSM  is  gradually  retained  in  the  extranuclear  cytosol,  and  preincubation  with  higher  concentrations  of 
unlabeled  CGP3466  markedly  reduces  the  retention.  Top  three  panels,  LCSM  images  of  the  retention  of  BL-CGP3466  fluorescence  in  living  PND-PC12 
cells  maintained  in  an  environmental  chamber  containing  MEM  with  serum  and  NGF  at  12,  20,  and  29  min  after  the  addition  of  102  9  M  BL-CGP3466. 
Note  the  gradual  increase  in  extranuclear  cytosolic  fluorescence.  Bottom  three  panels,  LCSM  images  of  another  group  of  cells  that  were  preincubated 
with  1027  M  of  unlabeled  CGP3466  for  30  min  before  the  addition  of  1029  M  BL-CGP3466  and  then  imaged  at  12,  19,  and  29  min.  Note  that  the 
preincubation  with  the  unlabeled  CGP3466  reduced  the  appearance  of  the  BL-CGP3466  fluorescence  at  all  time  points,  showing  that  the  BL-CGP3466 
retention  was  specific  for  CGP3466  binding  sites. 
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fluorescence  was  very  similar  to  that  found  for  antibodies 
against  GAPDH  in  the  cells  (see  examples  in  Fig.  5,  A1-A4). 
That  is,  the  BL-CGP3466  fluorescence  gradually  accumulated 
in  the  extra  nuclear  cytosol  with  relatively  light  and  scattered 
accumulation  in  the  nucleus.  Thirty  minutes  ofpreincubation  of 
the  cells  with  1027  M  unlabeled  CGP3466  followed  by  the 
addition  of  1029  M  BL-CGP3466  markedly  reduced  the  accu¬ 
mulation  of  BL-CGP3466  fluorescence  (Fig.  2,  bottom).  Simi¬ 
larly,  incubation  of  BL-CGP3466  with  paraformaldehyde-fixed 
PC12  cells  on  a  coverglass  showed  subcellular  distributions  of 
BL-CGP3466  (Fig.  3A1)  that  were  similar,  if  not  identical,  to 
those  found  in  living  cells  using  the  environmentally  controlled 
chamber  (Fig.  2)  and  those  found  for  a  mouse  monoclonal  anti¬ 
body  against  GAPDH  (see  Fig.  5A3).  Similar  results  were  ob¬ 
tained  with  BL-DES  (not  shown). 

We  used  photoaffmity-labeled  CGP3466  (Zimmermann  et 


al.,  1998)  to  determine  whether  the  DEP  analog  binds  to 
GAPDH  in  the  serum  and  NGF-withdrawn  PND-PC12  cells 
in  a  similar  manner  as  that  reported  for  rat  hippocampal 
homogenates  (Kragten  et  al.,  1998).  Autoradiographs  re¬ 
vealed  major  bands  at  about  37,  43,  50,  and  possibly  200  kDa, 
which  appeared  similar  to  those  found  for  rat  hippocampal 
tissue.  Figure  3B  shows  a  typical  autoradiograph  for  protein 
extracted  from  cells  at  3,  6,  and  9  h  after  washing  and 
placement  in  M/O.  Figure  3C1  shows  a  higher  power  example 
of  the  37-kDa  band.  The  same  membranes  used  for  autora¬ 
diography  were  immunoreacted  with  a  monoclonal  antibody 
against  GAPDH,  and  an  immunodense  band  corresponding 
in  position  to  the  37-kDa  autoradiographic  band  was  found 
(Fig.  3C2  was  immunoreacted  for  the  same  membrane  exam¬ 
ined  autoradiographically  in  Fig.  3C1).  The  similarity  of  the 
subcellular  distribution  of  BL-CGP3466  fluorescence  and 


3  6  9 

Hours  After  Washing 


Fig.  3.  CGP3466  photoaffinity  labeling  and  BL-CGP3466  labeling  of  cells  imaged  with  LCSM.  A1-A3,  paraformaldehyde-fixed  cells  on  coverglass  that 
were  incubated  with  BL-CGP3466  for  30  min  and  then  imaged  using  LCSM.  A2  and  A3,  cells  were  preincubated  with  a  sheep  polyclonal  (1:250)  and 
a  mouse  monoclonal  antibody  (1:400)  for  30  min  before  the  addition  of  BL-CGP3466.  Note  that  the  BL-CGP3466  fluorescence  is  scattered  throughout 
the  extranuclear  cytosol  and  that  the  sheep  antibody,  but  not  the  mouse  antibody,  blocked  the  retention  of  the  BL-3466  in  the  cells.  B,  autoradiogram 
for  total  protein  extracted  from  PND-PC12  cells  at  3,  6,  and  9  h  after  serum  and  NGF  withdrawal.  Before  withdrawal,  the  cells  were  incubated  with 
a  photoaffmity-labeled,  125I-tagged  CGP3466  and  then  exposed  to  ultraviolet  light  to  activate  the  azido  group  of  the  photoaffinity  label.  The 
autoradiograms  revealed  at  least  three  bands,  as  shown,  at  37,  43,  and  47  kDa.  Cl,  section  of  a  photoaffmity-labeled,  125I-tagged  CGP3466 
autoradiogram  for  total  protein  extracted  from  PND-PC12  cells  at  3,  6,  and  9  h  after  serum  and  NGF  withdrawal  showing  the  distinct  band  at  37  kDa, 
which  increased  in  intensity  from  3  to  9  h.  C2,  probing  the  same  membrane  with  an  antibody  against  GAPDH  showed  an  immunodense  band  that  was 
located  at  the  identical  position  to  the  37-kDa  autoradiography  band  and  also  increased  in  intensity  from  3  to  9  h. 
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GAPDH  immunofluorescence  and  the  subcellular  colocaliza¬ 
tion  of  a  portion  of  photoaffmity-labeled  CGP3466  autoradio¬ 
graphic  activity  with  GAPDH  immunoreaction  seem  in  ac¬ 
cord  previous  findings  showing  that  one  of  the  proteins 
binding  CGP3466  is  GAPDH  (Kragten  et  al„  1998). 

In  solution,  GAPDH  can  take  a  monomeric,  dimeric,  or 
tetrameric  form  but  greatly  favors  the  tetramer  (Minton  and 
Wilf,  1981).  Molecular  modeling  of  the  GAPDH  tetramer 
revealed  a  central  channel  at  the  interface  between  the  four 
monomers  (see  Fig.  7,  A1  and  A2;  also  see  Fig.  7  in  Borden, 
1998).  Examination  of  the  GAPDH  tetramer  model  suggested 
that  CGP3466  and  DES  were  most  likely  to  bind  in  this 
central  channel.  (See  Figure  7B1  for  a  model  of  CGP3466  in 
the  channel.)  A  sheep  polyclonal  antibody  (Biogenesis,  Poole, 
Dorset,  UK),  which  was  raised  against  residues  located  in  a 
position  that  would  likely  block  entry  to  the  channel  (see 
location  of  the  residues  in  Fig.  7C),  was  applied  to  fixed  cells 
on  a  coverglass  that  were  subsequently  treated  with  BL- 
CGP3466.  Cells  that  were  preincubated  with  the  sheep  anti¬ 
body  showed  markedly  reduced  BL-CGP3466  cellular  fluo¬ 
rescence,  even  after  prolonged  incubation  with  BL-CGP3466 
(compare  Fig.  3,  A1  and  A2).  In  contrast,  preincubation  with 


a  mouse  antibody  against  GAPDH  (Chemicon),  which  reacted 
against  residues  near  to  the  N  terminus,  placing  the  residues 
in  or  near  to  the  Rossman  fold  region  of  the  tetramer  (see  F  ig. 
7A1,  RF),  did  not  alter  the  BL-CGP3466  fluorescence  (com¬ 
pare  Fig.  3,  A1  and  A3). 

To  determine  whether  the  PND-PC12  cell  apoptosis  was 
typical  of  GAPDH-associated  apoptosis  found  in  other  cellu¬ 
lar  models,  WESTERN  blots  were  prepared  for  total  protein 
extracted  from  cells  at  multiple  time  points  after  washing 
and  placement  in  medium  without  serum  and  NGF.  The  blots 
showed  that  GAPDH  levels  began  to  increase  at  about  2  h 
after  washing  and  placement  in  serum  and  NGF-free  me¬ 
dium  (Fig.  4A).  GAPDH  levels  did  not  appear  to  increase  in 
serum  and  NGF  -withdrawn  cells  that  were  treated  with  102  9 
M  CGP3466  or  1029  M  DES  (Fig.  4B). 

In  parallel  experiments,  Western  blots  for  protein  ex¬ 
tracted  from  the  nuclear,  mitochondrial,  and  cytosolic  cellu¬ 
lar  subfractions  at  3,  6,  9,  and  12  h  after  serum  and  NGF 
withdrawal  were  examined  for  GAPDH  protein  levels.  Con¬ 
trol  blots  were  prepared  for  the  subfractions  using  antibodies 
against  nucleolin,  cytochrome  oxidase,  and  14-3-3  b  protein 
that  are  known  to  react  with  proteins  in  the  nuclear,  mito- 
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Fig.  4.  GAPDH  levels  increase  in  PND-PC12  cells  after  serum  and  NGF  withdrawal,  and  DES  and  CGP3466  prevent  the  increase.  A,  Western  blot 
labeled  M/SI  N  for  an  experiment  in  which  cells  were  washed  and  replaced  in  MEM  with  serum  and  NGF  (top)  as  a  control  together  with  a  blot  for 
an  experiment  in  which  cells  were  washed  and  placed  in  MEM  only  (bottom)  to  induce  apoptosis  by  trophic  withdrawal.  Note  the  relative  increase  in 
GAPDH  immunodensity  beginning  at  the  2-h  band  after  washing  for  the  trophically  withdrawn  cells  but  not  the  control  cells.  B,  similar  experiments 
to  those  in  A  but  CGP3466  (top)  or  DES  (bottom)  at  102  9  M  was  added  to  the  MEM  only.  Note  that  the  additions  prevented  increases  in  GAPDH  levels. 
C,  each  panel  from  top  to  bottom  shows  immunodensity  for  the  nuclear  (Nuclear),  mitochondrial  (Mitoch.),  and  cytosolic  (Cytosol.)  subcellular  fractions 
at  3,  6,  9,  and  12  h  after  washing  for  nucleolin,  cytochrome  oxidase,  and  14-3-3  b,  respectively.  Note  that  each  of  the  protein  immunoreactions  is 
concentrated  in  a  different  subfraction.  D,  each  panel  shows  Western  blots  for  protein  taken  from  the  subcellular  fractions  at  3,  6,  9,  and  12  h  after 
washing  and  replacement  into  MEM  with  serum  and  NGF  as  a  control  (top)  or  placement  into  MEM  only  to  induce  apoptosis  (middle).  Note  the 
progressive  increase  in  nuclear  GAPDH  beginning  between  3  and  6  h  after  washing  and  serum  and  NGF  withdrawal  together  with  the  maintained 
increase  in  cytosolic  GAPDH  that  was  present  at  3  to  9  h.  Similar  panels  for  experiments  in  which  the  cells  were  placed  in  MEM  with  1029  M  DES 
(bottom)  after  washing.  Note  that  the  DES  prevents  the  progressive  increase  in  GAPDH  immunoreactivity  in  the  nuclear  subtraction.  On  all  blots, 
identical  amounts  of  total  protein  were  loaded  into  each  lane.  *In  the  12  h  Cytosol,  lane  for  the  M/O  panel,  indicates  that  protein  was  not  loaded  onto 
that  lane. 
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chondrial,  and  cytosolic  fractions,  respectively  (see  Fig.  4C 
for  examples  of  the  use  of  the  three  antibodies  with  protein 
subfractions  taken  from  cells  in  M/SI  N).  The  blots  indicated 
that  GAPDH  was  largely  concentrated  in  the  cytosolic  sub¬ 
fraction  in  control  cells  that  were  washed  and  then  replaced 
into  M/SI  N.  GAPDH  levels  appeared  to  increase  in  the  cy¬ 
tosolic  subfraction  after  serum  and  NGF  withdrawal  and  also 
progressively  increased  in  the  nuclear  subfraction  at  each  of 
the  3-,  6-,  9-,  and  12-h  time  points.  Treatment  with  1029  M 
DES  or  CGP3466  largely  prevented  the  increase  in  GAPDH 
immunoreaction  for  the  nuclear  fraction. 

Recognizing  that  subcellular  fractionation  enriches  the 
proportions  of  proteins  localized  in  particular  organelles  but 
may  not  exclusively  contain  proteins  from  those  organelles 
(see  F ig.  4C),  we  also  examined  the  subcellular  distribution  of 
GAPDH  immunoreactivity  using  LCSM.  The  GAPDH  immu- 
nocytochemistry  combined  with  YOYO-1  staining  for  DNA 
showed  that  GAPDH  was  concentrated  in  the  cytosol  with 
only  light  punctate  immunoreaction  in  the  nuclei  in  control 
cells  that  were  washed  and  then  replaced  in  M/SI  N  (see 
examples  in  Fig.  5,  A1-A4).  Serum  and  NGF  withdrawal 
induced  a  dense  increase  in  nuclear  GAPDH  immunoreac¬ 
tion,  excluding  the  nucleolus  (see  examples  in  F ig.  5,  B 1-B4). 
The  nuclear  increase  and  subnuclear  distribution  were  sim¬ 
ilar  to  those  we  demonstrated  using  a  GAPDH-green  fluores¬ 
cent  fusion  protein  in  several  other  models  of  apoptosis 
(Shashidharan  et  al.,  1999). 

During  the  first  24  h  after  washing  and  replacement  into 
medium  with  serum  and  NGF,  about  2  to  3%  of  control  cells 
showed  baseline  dense  nuclear  GAPDH  immunoreactivity  at 
all  time  points  (Fig.  6C2),  contrasting  with  those  that  were 
NGF  and  serum  withdrawn,  in  which  about  6%  showed  dense 
nuclear  GAPDH  immunoreactivity  by  3  h,  followed  by  a 
progressive  increase  to  about  25%  by  12  h.  On  average,  the 
increase  in  nuclei  with  dense  nuclear  GAPDH  immunoreac¬ 
tion  preceded  the  increase  in  nuclei  with  chromatin  conden¬ 
sation,  as  demonstrated  by  YOYO-1  staining  by  at  least  3  h 
(compare  Fig.  6,  Cl  and  C2).  Treatment  with  1029  M  DES  or 
CGP3466  markedly  reduced  both  the  percentage  of  nuclei 
with  chromatin  condensation  and  those  with  dense  GAPDH 
immunoreaction  at  all  time  points  (Fig.  6,  B1  and  B2).  Ac¬ 
cordingly,  Western  blotting  and  LCSM  immunocytochemis- 
try  indicated  that  both  DES  and  CGP3466  reduce  the  in¬ 
creased  levels  of  GAPDH  and  the  nuclear  accumulation  of 
GAPDH  that  occurs  early  in  apoptosis  induced  in  PND-PC12 
cells  by  serum  and  NGF  withdrawal. 

In  an  attempt  to  understand  the  basis  for  DES  and 
CGP3466  prevention  of  increases  in  GAPDH  levels  and 
GAPDH  nuclear  accumulation,  we  first  examined  the  effect 
of  CGP3466  and  DES  on  the  glycolytic  activity  of  GAPDH  in 
vitro.  The  addition  of  102  9  M  CGP3466  to  GAPDH  in  solution 
by  itself  did  not  alter  the  extent  or  rate  of  NAD1  conversion 
to  NADH  (Fig.  6A1).  The  Rossman  fold  region  of  GAPDH 
binds  tRNA  and  AU-rich  RNA,  particularly  AUUUA  base 
sequences  ((Nagy  and  Rigby,  1995;  also  see  a  computer  model 
of  RNA  binding  in  the  Rossman  fold  in  Fig.  6  of  Borden, 
1998).  We  therefore  added  a  synthetic  RNA  with  repeated 
AUUUA  sequences  to  the  solution  and  found  that  the  addi¬ 
tion  reduced  the  extent  of  NADH  production  by  about  25% 
(Fig.  6A1).  The  addition  ofCGP3466  to  the  solution  contain¬ 
ing  both  GAPDH  and  the  synthetic  RNA  resulted  in  almost 


complete  recovery  of  the  NADH  production.  Similar  results 
were  obtained  with  DES  (not  shown). 

We  then  examined  the  conversion  of  NAD1  to  NADH  in 
cell  lysates  after  washing  (Fig.  6A2).  We  chose  a  6-h  time 
point  because  GAPDH  levels  were  markedly  increased  (Fig. 
4A)  but  relatively  few  cells  had  entered  the  phase  of  nuclear 
degradation  at  that  time  (Fig.  5C1).  Lysates  from  cells  that 
had  undergone  serum  and  NGF  withdrawal  showed  marked 
increases  in  both  the  extent  and  rate  of  NAD1  to  NADH 
conversion  compared  with  control  cells  in  M/SI  N.  The  addi¬ 
tion  of  102  9  M  DES  to  the  withdrawn  cells  induced  a  partial 
reduction  in  the  extent  of  NAD1  to  NADH  conversion.  Ac¬ 
cordingly,  these  data  suggest  that  the  addition  of  DEP-like 
compounds  can  alter  GAPDH  glycolytic  activity,  possibly  by 
altering  the  configuration  of  GAPDH  or  its  interaction  with 
AU-rich  RNA. 

Because  binding  of  CGP3466  in  the  channel  of  tetrameric 
GAPDH  might  alter  the  interface  between  the  substituent 
GAPDH  monomers  (Fig.  7A2),  we  used  size  exclusion  chro¬ 
matography  to  determine  whether  CGP3466  or  DES  affected 
the  oligomeric  form  of  the  enzyme.  The  addition  of  1029  M 
CGP3466  (or  DES)  to  GAPDH  in  solution  altered  a  major 
proportion  of  the  protein  from  a  size  equivalence  of  148  kDa 
to  74  kDa  (Fig.  6B1,  see  size  exclusion  calibration  scale  below 
Fig.  6B3),  consistent  with  a  change  from  a  tetrameric  form  to 
a  dimeric  form.  Similarly,  the  addition  of  poly(U)  RNA  to 
GAPDH  in  solution  shifted  the  peak  to  a  size  equivalence  of 
more  than  200  kDa,  and  the  addition  of  CGP3466  (or  DES) 
induced  size  equivalence  changes  indicative  of  the  freeing  of 
tetrameric  GAPDH  from  the  RNA  and  its  conversion  to  a 
dimeric  form  (Fig.  6B2).  GAPDH  was  placed  in  SDS  to  con¬ 
vert  it  to  a  monomer.  The  addition  of  CGP3466  or  DES  to  the 
solution  containing  SDS  induced  a  shift  in  the  size  equiva¬ 
lence  of  the  major  peak,  suggesting  a  change  in  the  configu¬ 
ration  of  the  monomeric  form,  and  converted  a  small  propor¬ 
tion  of  the  protein  to  a  size  equivalence  consistent  with  a 
dimer  (Fig.  6B3). 

Discussion 

The  serum  and  NGF -withdrawn  PND-PC12  cells  showed  in¬ 
creases  in  GAPDH  levels  and  nuclear  GAPDH  accumulation 
that  were  similar  to  those  reported  for  other  apoptosis  models 
(Sunaga  et  al.,  1995;  Ishitani  et  al.,  1996,  1997,  1998;  Saunders 
et  al.,  1997;  Sawa  et  al.,  1997;  Shashidharan  et  al.,  1999).  Most 
importantly,  CGP3466  and  DES  prevented  both  the  increases 
in  GAPDH  and  the  nuclear  accumulation.  Transcriptional  or 
translational  inhibitors  can  reduce  the  increase  in  GAPDH 
levels  in  early  apoptosis  (Ishitani  et  al.,  1997),  suggesting  that 
newly  synthesized  GAPDH  contributes  to  the  protein’s  role  in 
apoptosis.  The  signaling  pathways  that  lead  to  increased 
GAPDH  levels  in  early  apoptosis  are  not  known.  p53  overex¬ 
pression  induces  apoptosis  that  is  associated  with  downstream 
increases  in  expression  of  a  large  number  of  genes,  including 
GAPDH  (Polyak  et  al.,  1997).  Accordingly,  a  p53-dependent 
signaling  pathway  may  contribute  to  GAPDH-associated  apo¬ 
ptosis.  Our  recent  studies  using  the  expression  of  GAPDH/ 
green  fluorescent  fusion  protein  have  shown  accumulation  of 
the  fusion  protein  in  the  nuclei  of  a  variety  of  cell  types  in  early 
apoptosis  (Shashidharan  et  al.,  1999).  The  accumulation  of  the 
fusion  protein  was  similar  to  that  shown  in  the  serum  and 
NGF-withdrawn  PND-PC12  cells  in  the  present  study  and  pro- 
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vided  evidence  that  at  least  part  of  the  GAPDH  that  accumu¬ 
lates  in  the  nucleus  was  previously  resident  in  the  cytoplasm 
and  was  not  newly  synthesized. 

This  study,  similar  to  our  previous  studies  (Tatton  et  al., 
1994;  Wadia  et  al.,  1998),  showed  that  apoptotic  nuclear 
degradation  begins  in  the  PND-PC12  cells  at  about  6  h  after 
serum  and  NGF  withdrawal  and  is  maximal  at  12  to  18  h. 
Therefore,  the  increases  in  GAPDH  levels  and  GAPDH  nu¬ 


clear  accumulation  are  early  events  in  this  form  of  apoptosis 
and  precedes  the  onset  of  nuclear  degradation  by  3  or  more 
hours.  Hence,  the  participation  of  GAPDH  in  the  apoptotic 
cascade  seems  to  be  well  upstream  from  the  events  that 
mediate  apoptotic  degradation. 

DES  is  a  relatively  poor  MAO-B  inhibitor  compared  with 
DEP  (Heinonen  et  al.,  1997),  and  CGP3466  does  not  inhibit 
MAO-B  (Kragten  et  al.,  1998).  Decreases  in  apoptosis  with 
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Fig.  5.  GAPDH  immunoreactivity  in  PND-PC12  cells  after  serum  and  NGF  withdrawal  visualized  with  LCSM.  A1-A4,  LCSM  micrographs  from 
identical  image  fields  consist  of  an  interference  contrast  micrograph,  fluorescence  micrograph  for  YOYO-1  DNA  binding,  immunoctrochemistry  for 
GAPDH,  and  a  combined  image  in  which  A2  (recolored  red)  and  A3  (recolored  green)  were  digitally  added.  The  cells  were  washed  and  then  replaced 
in  MSI  N  as  a  control  (example  at  6  h  after  washing).  The  maintained  separation  of  the  red  and  green  color  in  A4  shows  that  GAPDH  is  largely 
extranuclear  in  location.  Bl— B4,  an  identical  series  of  LCSM  micrographs  for  cells  that  were  washed  and  placed  in  MO  to  induce  apoptosis  by  serum 
and  NGF  withdrawal  showed  dense  GAPDH  immunoreaction  in  the  nucleus  that  spared  the  nucleolus  (example  at  6  h  after  washing).  The 
orange-yellow  color  in  B4  shows  the  colocalization  of  DNA  YOYO-1  binding  and  GAPDH  immunoreaction  and  illustrates  typical  dense  nuclear  GAPDH 
accumulation.  Cl  and  C2,  counts  of  cells  with  nuclei  showing  YOYO-l-stained  chromatin  condensation,  and  those  with  dense  GAPDH  nuclear 
immunoreaction,  respectively,  show  that  the  percentages  of  nuclei  with  GAPDH  nuclear  accumulation  was  significantly  increased  by  3  h  after 
washing,  whereas  the  percentages  with  apoptotic  chromatin  condensation  did  not  begin  to  increase  until  6  h  after  washing  and  placement  in  MEM 
only.  DES  (plots  labeled  M/DES)  and  CGP3466  (plots  labeled  M/3466)  at  1029  M  markedly  decreased  the  percentage  of  nuclei  with  chromatin 
condensation  and  those  with  dense  GAPDH  nuclear  immunoreaction. 
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DEP  or  DES  can  be  obtained  at  concentrations  or  dosages 
that  do  not  inhibit  MAO-A  or  MAO-B  (Ansari  et  al.,  1993; 
Tatton  and  Chalmers-Redman,  1996;  Le  et  al.,  1997).  In  this 
study,  concentrations  of  DEP  and  DES  ranging  from  1025  to 
102  13  M  showed  similar  capacities  to  increase  survival, 
whereas  CGP3466  induced  greater  levels  of  survival,  partic¬ 
ularly  at  concentrations  of  less  than  1029  M.  Cytochrome 
P-450  inhibitors  block  the  capacity  of  DEP,  but  not  DES,  to 
reduce  apoptosis  in  a  variety  of  apoptosis  models  (W.  G. 
Tatton  and  R.  M.  Chalmers-Redman,  unpublished  observa¬ 
tions).  Accordingly,  the  antiapoptotic  capacity  of  DEP  ap¬ 
pears  to  depend  on  its  metabolism  to  DES. 

Based  on  our  results  with  photoaffinity  CGP3466  and  the 
BL-labeled  compounds,  it  is  likely  that  CGP3466  and  DES 
bind  toGAPDH  in  the  PND-PC12  cells  in  a  similar  manner  to 
that  shown  for  rat  hippocampus  (Kragten  et  al.,  1998).  Our 
antibody  studies  suggest  that  the  binding  may  occur  in  or 
near  to  the  channel  of  GAPDH  tetramer.  Size  exclusion  data 
indicate  that  a  portion  of  GAPDE1  converts  to  a  dimer  in  the 
presence  of  CGP3466  or  DES.  There  are  three  possible 
dimers  that  could  be  produced  (Fig.  7,  D 1-D3):  1)  the  channel 
could  be  bisected  lengthwise,  resulting  in  a  loss  of  the  chan¬ 
nel  but  retaining  the  RNA  binding  site  in  the  Rossman  fold; 


2)  the  channel  is  bisected  across  its  width,  resulting  in  a 
dimer  with  a  channel  but  no  RNA  binding  site;  and  3)  the 
channel  is  cut  across  its  width  so  that  two  diagonally  associ¬ 
ated  monomers  form  the  dimer.  At  this  time,  we  do  not  have 
data  to  predict  which  of  these  dimer  forms  predominate.  DEP 
that  has  not  been  metabolized  to  DES  may  not  bind  to 
GAPDH.  Studies  using  photoaffinity-labeled  DEP  in  the 
presence  of  cytochrome  P-450  inhibitors  will  be  required  to 
determine  whether  DEP  itself  can  bind  to  GAPDH. 

CGP3466  differs  from  DES  in  the  replacement  of  the  single 
phenol  ring  with  three  rings,  the  center  of  which  includes  an 
oxygen.  In  BL-CGP3466  and  BL-DES,  the  BODIPY  was  at¬ 
tached  to  the  ring  portions  of  the  compounds  through  a 
flexible  link  (Zimmermann  et  al.,  1998).  We  showed  that  both 
BL  compounds  retain  most  of  their  capacity  to  reduce  apo¬ 
ptosis  in  the  serum  and  NGF -withdrawn  PND  PC12  cells. 
Furthermore,  even  with  the  attachment  of  the  relatively 
bulky  BODIPY  moiety,  BL-CGP3466  accumulated  in  the 
cells  with  a  subcellular  distribution  similar  to  those  found  for 
GAPDH  immunoreactivity.  Our  modeling  suggests  that  the 
bulky  BODIPY  moiety  should  not  interfere  with  binding  in 
the  channel.  BL-CGP3466  entry  to  the  subcellular  sites  could 
be  blocked  by  preincubation  with  higher  concentrations  of 


B1. 


4 

100 

O 

80 

n 

< 

60 

a 

> 

40 

% 

20 

a 

a: 

0 

B2. 

■s 

100 

o 

(ft 

80 

n 

< 

60 

Q 

> 

40 

& 

to 

20 

o 

£T 

0 

B3. 

100. 

o 

80J 

£ 

< 

60 

c 

> 

40. 

20 

o 

0 

tetramer^  ^  dimer 

M 

! 

i\ 

•••••••••••••  »•••••• 


O  GAPDH 
Only 

GAPDH 

♦3466 


tetramer 
►RNA  T  I  1 

;V  * 


dimer 


A 

/V 

;  1 


Ji 


% 

AAAA  a  A 


-a^  GAPDH 
♦RNA 
a  GAPDH+ 
RNA+ 
3466 


dimer 


IV 


wTm?Tfvw7 


•f  monomer 
y  y  -v-  GAPDH 

\y  1  +sds 

^  GAPDH 
♦SDS 
\  ^  +3466 

T 


I 


10  15  20 

Fraction  Number 


25 


170  I  116'  __ 

158  67  14.4-12.4 

Size  Equivalence  Calibration  (kD) 


Fig.  6.  Effects  of  CGP3466  on  the  glycolytic  capacity  of  GAPDH  in  vitro  and  in  vivo  and  evidence  for  the  conversion  of  GAPDH  to  a  dimer  by  CGP3466. 
Al,  NADH  production  from  NAD1  over  time  was  measured  in  an  in  vitro  system.  The  addition  of  CGP3466  does  not  significantly  alter  enzymatic 
activity  of  GAPDH,  whereas  the  addition  of  AUUUA  synthetic  RNA  sequences  had  little  effect  on  the  rate  but  reduced  extent  of  the  glycolytic  activity 
of  GAPDH.  The  addition  of  102  9  M  CGP3466  induced  a  recovery  of  glycolytic  activity,  suggesting  that  the  compound  altered  the  relationship  between 
GAPDH  and  RNA.  A2,  measurement  of  NAD1  to  NADH  conversion  in  lysates  taken  at  6  h  after  washing  from  control  cells  (M/SI  N  6  h),  cells  after 
NGF  and  serum  withdrawal  (M/O  6  h)m  and  cells  after  serum  and  NGF  withdrawal  treated  with  1029  M  DES  (M/01  DES  6  h).  B1-B3,  size  exclusion 
chromatography  for  GAPDH  in  solution  alone,  with  poly(U)  RNA,  or  with  detergent.  Bl.  GAPDH  alone  in  solution  forms  a  tetramer  with  a  size 
equivalence  of  148  kDa  in  fraction  14.  In  the  presence  of  1029  M  CGP3466,  more  than  half  of  GAPDH  appears  as  a  dimer  in  fraction  17  with  a  size 
equivalence  of  74  kDa.  B2,  GAPDH  binds  to  poly(U)  RNA.  The  peak  at  fraction  10,  which  indicates  a  size  equivalence  of  more  than  170  kDa,  indicates 
an  amalgam  of  RNA  and  GAPDH.  Fraction  10  was  also  shown  to  include  RNA  by  the  finding  of  a  peak  at  260  nm  on  the  spectrophotometer.  In  the 
presence  of  102  9  M  CGP3466,  the  shifts  in  the  equivalence  values  of  the  peaks  indicate  that  GAPDH  has  separated  from  RNA  and  that  there  is  a  large 
increase  in  GAPDH  dimer.  B3,  in  the  presence  of  0.1%  SDS,  GAPDH  alone  is  found  in  fraction  23  with  a  size  equivalence  consistent  with  a  monomer. 
After  the  addition  of  1029  M  CGP3466,  a  small  proportion  of  GAPDH  shows  a  size  equivalence  consistent  with  a  dimer,  even  in  the  presence  of  the 
detergent. 
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unlabeled  CGP3466,  which  indicated  the  specificity  of  the  BL 
compounds  for  CGP3466  binding  sites.  This  is  the  first  report 
of  the  use  of  a  fluorescently  labeled  compound  with  LCSM  to 
examine  the  subcellular  localization  and  the  binding  speci¬ 
ficity  of  a  compound  in  living  or  fixed  cells. 

GAPDH  largely  exists  as  a  tetramer  with  minor  popula¬ 
tions  of  dimers  and  monomers.  Our  data  indicate  that 
CGP3466  and  DES  increase  the  stability  of  GAPDH  as  a 
dimer.  We  therefore  propose  that  agents  that  stabilize 
GAPDH  as  a  dimer,  rather  than  a  tetramer,  prevent  the 
early  apoptotic  GAPDH  increase  and  nuclear  accumulation 
and  thereby  induces  a  decrease  in  apoptosis.  If  GAPDH 
dimer  cannot  accumulate  in  the  nucleus,  it  would  explain 
part  of  our  results.  It  is  more  difficult  to  understand  how  the 
presence  of  GAPDH  dimer  would  prevent  GAPDH  up-regu- 
lation.  The  increased  expression  may  depend  on  nuclear  ac¬ 
cumulation  of  constitutive  protein.  Our  findings  indicating  a 
tetrameric/dimeric  conversion  were  obtained  in  vitro,  and  it 
is  therefore  possible  that  GAPDH  dimerization  does  not  oc¬ 
cur  in  vivo  in  response  to  DES  or  CGP3466  binding.  In  vivo, 
the  binding  of  the  DEP-related  compounds  to  GAPDH  might 
result  in  a  more  subtle  change  in  GAPDH  structure.  If,  as  we 
have  hypothesized,  the  conversion  of  GAPDH  to  a  dimer  robs 
the  protein  of  its  capacity  to  participate  in  apoptosis,  the 
DEP-related  compounds  will  be  the  first  compounds  shown  to 
reduce  cell  death  by  altering  oligomerization. 

In  vitro,  the  DEP-like  compound  binding  results  in  stabi¬ 


lization  of  the  dimer,  increases  the  catalysis  of  glycolytic 
activity  by  GAPDH,  and  decreases  GAPDH  affinity  for  RNA. 
These  effects  are  likely  interrelated.  The  glycolytic  action 
and  RNA  binding  of  GAPDH  occur  in  the  same  region  of  the 
protein.  Conversion  of  GAPDH  from  a  tetramer  to  a  dimer  is 
known  to  increase  its  glycolytic  capacity  (Minton  and  Wilf, 
1981).  Dimerization  of  GAPDH,  together  with  a  freeing  of 
GAPDH  from  AUUUA  RNA,  could  explain  the  facilitation  of 
glycolysis  by  CGP3466  and  DES  in  vitro. 

This  is  the  first  study  to  show  increased  glycolytic  activity 
in  cells  entering  apoptosis.  The  increase  may  result  from  the 
increase  in  GAPDH  levels  associated  with  apoptosis  in  the 
PND-PC12  cells.  It  also  could  result,  in  part,  from  freeing  of 
the  Rossman  fold  region  of  the  protein  from  AUUUA-rich 
RNA  binding  with  consequent  increased  availability  of  the 
fold  for  NAD1  to  NADH  conversion.  The  relative  decrease  in 
glycolysis  induced  by  the  DEP-like  compounds  likely  reflects 
their  capacity  to  reduce  or  prevent  the  increase  in  GAPDH 
levels  that  we  found  in  early  apoptosis. 

The  DEP-related  compounds  appear  to  reduce  the  apopto¬ 
tic  function  of  GAPDH  while  at  the  same  time  facilitating  or 
maintaining  the  glycolytic  function  of  protein  at  levels  that 
exceed  those  in  control  cells  but  are  reduced  compared  with 
those  in  apoptotic  cells.  GAPDH  is  a  multifunction  protein 
and  participates  in  functions  like  tubulin  polymerization, 
endocytosis,  translational  control  of  gene  expression,  nuclear 
tRNA  export,  DNA  replication,  and  DNA  repair  (see  Sirover, 


Fig.  7.  Models  of  the  rat  GAPDFt  tetramer  showing  the  putative  DEP-like  compound  binding  channel.  At,  the  four  identical  monomers  which  make 
up  the  GAPDH  tetramer  are  shown  in  different  colors.  The  NAD1  binding  site,  the  Rossmann  fold,  is  indicated  by  RF.  A2,  a  90-degree  rotation  of  the 
image  in  At.  The  putative  DEP-like  compound  binding  channel  is  indicated  where  the  four  monomers  join.  Bl,  CGP3466  (blue)  is  shown  in  the 
channel.  B2,  a  view  of  CGP3466-BODIPY  (yellow)  located  in  the  channel.  C,  residues  in  white  indicate  the  epitope  site  for  the  sheep  polyclonal 
antibody,  which  reduced  the  cellular  accumulation  of  BL-CGP3466.  D 1-D3,  the  three  possible  dimers  of  GAPDH  that  might  be  formed  by  the  binding 
of  DEP-like  compounds.  All  images  were  produced  in  Insight  (Biosym). 
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1997) .  It  will  be  interesting  to  determine  which  of  those 
functions  are  maintained  and  which  are  altered  by  the  bind¬ 
ing  of  DEP-related  compounds. 

In  normal  nuclei,  GAPDH  binds  to  promyelocytic  leukemia 
(PML)  protein  in  an  RNA-dependent  fashion  (Carlile  et  al., 

1998) .  PML  localizes  to  PML  nuclear  bodies,  which  have  been 
implicated  in  apoptosis,  suppression  of  oncogenic  transforma¬ 
tion  and  growth  suppression  (Melnick  and  Licht,  1999).  PML 
and  the  other  protein  components  of  PML  nuclear  bodies  ap¬ 
pear  to  function  in  regulation  of  both  transcription  and  trans¬ 
lation  (Borden  et  al.,  1998).  Nuclear  GAPDH  could  therefore 
contribute  to  apoptosis  by  modifying  either  transcription 
(Ronai,  1993)  or  translation  (Sioud  and  Jespersen,  1996),  per¬ 
haps  mediated  through  an  interaction  with  PML. 

finally,  DEP-related  compounds  have  been  shown  to  reduce 
neuronal  and  non-neuronal  death  in  a  wide  variety  of  models, 
many  of  which  are  independent  of  MAO-B  inhibition  (Tatton 
and  Chalmers-Redman,  1996).  The  basis  for  clinical  slowing  of 
the  progression  of  PD  (Parkinson’s  Study  Group,  1993;  Olanow 
et  al.,  1995)  and  the  preliminary  indications  of  improvement  in 
HD  with  DEP  treatment  (Patel  et  al.,  1996)  are  unknown  and 
have  been  variously  suggested  to  result  from  slowed  neuronal 
death  (Olanow  et  al.,  1995),  improved  dopaminergic  transmis¬ 
sion  or  increased  dopamine  levels  (Schulzer  et  al.,  1992),  and 
the  actions  of  the  DEP  metabolites  (2  )-amphetamine  and  (2  )- 
methamphetamine  (Karoum  et  al.,  1982).  If  GAPDH  contrib¬ 
utes  to  a  reduction  in  neuronal  death  in  PD,  the  clinical  benefits 
of  DEP  treatment  may  result,  in  part,  from  the  action  ofDES  on 
GAPDH  rather  than  on  MAO-B. 
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ABSTRACT 

(  )-Deprenyl  and  structurally  related  propargylamines  increase 
neuronal  survival  independently  of  monoamine  oxidase  B 
(MAO-B)  inhibition,  in  part  by  decreasing  apoptosis.  We  found 
that  deprenyl  and  two  other  propargylamines,  one  of  which 
does  not  inhibit  monoamine  oxidase  B,  increased  survival  in 
trophically  withdrawn  6-day  nerve  growth  factor  (NGF)-  and 
9-day  NGF-differentiated  PC-12  cells  but  not  in  NGF  naive  or 
3-day  NGF-differentiated  PC-12  cells.  Four  days  of  prior  NGF 
exposure  were  required  for  the  propargylamine-mediated  anti¬ 
apoptosis.  Studies  using  actinomycin  D,  cycloheximide,  and 
camptothecin  revealed  that  the  maintenance  of  both  transcrip¬ 
tion  and  translation,  particularly  between  2  and  6  h  after  trophic 
withdrawal,  was  required  for  propargylamine-mediated  anti¬ 
apoptosis.  Metabolic  labeling  of  newly  synthesized  proteins  for 
two-dimensional  protein  gel  autoradiography  and  scintillation 
counting  showed  that  the  propargylamines  either  increased  or 


reduced  the  levels  of  new  synthesis  or  induced  de  novo  syn¬ 
thesis  of  a  number  of  different  proteins,  most  notably  proteins 
in  the  mitochondrial  and  nuclear  subfractions.  Western  blotting 
for  whole  cell  or  subcellular  fraction  lysates  showed  that  the 
timing  of  new  protein  synthesis  changes  or  subcellular  redistri¬ 
bution  of  apoptosis-related  proteins  induced  by  the  propar¬ 
gylamines  were  appropriate  to  antiapoptosis.  The  apoptosis- 
related  proteins  included  superoxide  dismutases  (SOD1  and 
SOD2),  glutathione  peroxidase,  c-JUN,  and  glyceraldehyde-3- 
phosphate  dehydrogenase.  Most  notable  were  the  prevention 
of  apoptotic  decreases  in  BCL-2  levels  and  increases  in  mito¬ 
chondrial  BAX  levels.  In  general,  (  )-deprenyl-related  propar¬ 
gylamines  appear  to  reduce  apoptosis  by  altering  the  levels  or 
subcellular  localization  of  proteins  that  affect  mitochondrial 
membrane  permeability,  scavenge  oxidative  radicals,  or  partic¬ 
ipate  in  specific  apoptosis  signaling  pathways. 


The  propargylamine  (  )-deprenyl  (DEP)  inhibits  mono¬ 
amine  oxidase  B  (MAO-B).  DEP  was  first  shown  to  reduce  the 
death  of  primate  nigrostriatal  dopaminergic  neurons  exposed  to 
l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP)  (Cohen 
et  ah,  1984)  and  to  slow  the  clinical  progress  of  human  Parkin¬ 
son’s  disease  (Parkinson,  1993).  Both  actions  appeared  to  de¬ 
pend  on  MAO-B  inhibition.  Subsequently,  DEP  and  deprenyl- 
related  propargylamines  (DRPs)  were  demonstrated  to  reduce 
neuronal  loss  independently  of  MAO-B  inhibition  in  a  va¬ 
riety  of  experimental  models  including  cortical  cat- 
echolaminergic  neurons  exposed  to  N-(-2-chloroethyl)-N- 
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ethyl-2-bromobenzylamine,  murine  or  primate  substantia 
nigra  dopaminergic  neurons  exposed  to  MPTP,  rat  facial 
motoneurons  after  axotomy,  dopaminergic  cells  treated  with 
the  l-methyl-4-phenylpyridinium  ion  (MPP  )  or  nitric  oxide, 
and  hippocampal  neurons  exposed  to  kainate  (see  Tatton  et 
al.,  2000  for  details  and  references).  The  MAO-B-indepen- 
dent  increases  in  neuronal  survival  by  DRPs  were  shown  to 
involve  decreased  apoptosis  in  a  number  of  the  above  models 
(e.g.,  kainate-exposed  hippocampal  neurons,  nitric  oxide,  or 
MPP  -treated  dopaminergic  cells).  DRP  antiapoptosis  also 
has  been  found  in  other  models  including  partially  NGF- 
differentiated  PC-12  cells  after  serum  and  NGF  withdrawal, 
rat  hippocampal  neurons  after  ischemia/hypoxia,  neuroblas¬ 
toma  cells  treated  with  rotenone,  rat  cerebellar  granule  neu¬ 
rons  exposed  to  cytosine  arabinoside,  serum-deprived  human 


ABBREVIATIONS:  DEP,  (  )-deprenyl;  M,  mitochondrial  membrane  potential;  DES,  (  )-desmethyldeprenyl;  DRP,  (  )-deprenyl-related  propar¬ 
gylamine;  GAPDH,  glyceraldehyde-3-phosphate  dehydrogenase;  HBSS,  Hanks’  balanced  salt  solution;  JNK,  c-Jun  N-terminal  kinase;  MAO-B, 
monoamine  oxidase  B;  MAP-2,  microtubule-associated  protein  2;  NGF,  nerve  growth  factor;  MEM,  minimum  essential  medium;  mfMEM, 
methionine-free  MEM;  M/O,  MEM  only;  MPTP,  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;  M/S,  MEM  with  serum  only;  M/S  N,  MEM  with 
serum  and  NGF;  MPP  ,  1-methyl-4-phenylpyridinium  ion;  PBS,  phosphate-buffered  saline;  acetyl-DEVD  aldehyde,  Ac-Asp-Glu-Val-Asp-CH; 
SOD1 ,  anti-CuZn  superoxide  dismutase;  SOD2,  Mn  superoxide  dismutase;  zVAD-fmk,  N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone;  2D, 
two-dimensional;  MOPS,  4-morpholinepropanesulfonic  acid. 


753 


Downloaded  from  jpet.aspetjournals.org  at  Nyu  Med  Centr  Lib  on  October  22,  2012 


754 


Tatton  et  al. 


t 

ct. 


UJ 

c- 

X 

LU 


Q 

Z 

< 

>- 

0 

0 

— 

0 

u 

< 

o' 

< 

X 


melanoma  cells,  rat  retinal  neurons  after  hypoxia,  ischemia, 
or  serum  withdrawal,  and  rat  hippocampal  neurons,  cerebel¬ 
lar  neurons,  or  neuroblastoma  cells  exposed  to  okadaic  acid 
(see  Tatton  et  al.,  2000  for  details  and  references).  Notably, 
DRPs  do  not  reduce  all  forms  of  apoptosis  as  has  been  shown 
in  NGF -naive  PC-12  cells  (Vaglini  et  al.,  1996),  thymocytes 
treated  with  dexamethasone  (Fang  et  al.,  1995),  and  cerebel¬ 
lar  granule  neurons  exposed  to  low-media  K  levels  (Pater¬ 
son  et  al.,  1998). 

The  mechanisms  of  DRP  antiapoptosis  are  not  known. 
DRPs  bind  to  glyceraldehyde-3-phosphate  dehydrogenase 
(GAPDH)  (Kragten  et  al„  1998;  Carlile  et  al.,  2000)  and 
prevents  the  GAPDH  up-regulation  essential  to  some  forms 
of  neuronal  apoptosis  (see  Tatton  et  al.,  2000  for  a  review). 
Whether  or  how  DRP  binding  to  GAPDH  results  in  decreased 
apoptosis  is  not  known.  DRP  antiapoptosis  can  require  new 
protein  synthesis  (Tatton  et  al.,  1994).  In  keeping  with  a 
protein  synthesis-dependent  mechanism,  DEP  has  been 
shown  to  alter  the  levels,  message  expression,  or  activity  of  a 
variety  of  different  proteins,  each  in  a  different  cell  type  (see 
Tatton  et  al.,  2000  for  references  and  details).  Although  some 
of  the  protein  alterations  may  contribute  to  antiapoptosis, 
the  extent  of  DRP-induced  antiapoptotic  protein  synthesis  is 
not  known  nor  whether  any  protein  synthesis  changes  are 
appropriately  timed  to  interrupt  apoptosis  signaling.  DRPs 
can  prevent  mitochondrial  membrane  potential  (  M)  dissi¬ 
pation  in  some  forms  of  apoptosis  in  which  M  dissipation 
results  from  increases  in  mitochondrial  membrane  perme¬ 
ability  (Paterson  et  al.,  1998;  Wadia  et  al.,  1998;  Zhang  et  al., 
1999).  In  some  forms  of  apoptosis,  increases  in  mitochondrial 
membrane  permeability  allow  the  release  of  mitochondrial 
factors  that  signal  for  apoptotic  degradation  (Jacotot  et  al., 
1999).  Accordingly,  DRPs  may  alter  the  synthesis  of  proteins 
that  influence  mitochondrial  membrane  permeability. 

We  therefore  examined  the  effects  of  three  DRPs,  DEP 
and  desmethyldeprenyl  (DES),  both  of  which  inhibit 
MAO-B,  and  1 0-(N-methyl-N-propargyl-amino)methyl- 
dibenz[b,f]oxepine  (CGP  3466),  which  does  not  inhibit 
MAO-B  (see  Waldmeier  et  al.,  2000  for  a  review  of  CGP 
3466)  in  trophically  withdrawn  PC-12  cells  that  were  pre¬ 
viously  exposed  to  NGF  for  varying  periods.  We  found  that 
the  DRPs  reduced  apoptosis  in  PC-12  cells  exposed  to  NGF 
for  4  days  or  more  but  not  in  NGF-naive  PC-12  cells.  The 
decreased  apoptosis  required  new  protein  synthesis  and 
involved  alterations  in  the  expression  of  a  number  of  pro¬ 
teins.  Proteins  in  the  mitochondrial  and  nuclear  fractions 
were  most  markedly  involved,  including  proteins  known  to 
scavenge  oxidative  radicals  and  those  that  can  alter  mito¬ 
chondrial  membrane  permeability.  The  time  course  of  the 
changes  in  expression  was  appropriate  to  antiapoptosis. 

Materials  and  Methods 

Cell  Culture,  Treatment,  and  Counting.  PC-12  cells  (Ameri¬ 
can  Type  Culture  Collection,  Manassas,  VA)  were  propagated  in 
minimum  essential  medium  (MEM)  containing  10%  horse  serum,  5% 
fetal  bovine  serum,  2  mM  L-glutamine,  50  units/ml  penicillin,  and  50 
g/ml  streptomycin  (M/S,  MEM  with  serum),  all  purchased  from 
Invitrogen  (Carlsbad,  CA).  The  cells  were  grown  on  24-well  plates 
(8  104  cells/well)  for  counting  of  intact  nuclei  as  an  estimate  of 

survival,  poly-L-lysine-treated  coverslips  (1  104  cells/coverslip)  for 

imaging  with  laser  confocal  scanning  microscopy,  or  100-mm  dishes 
(1  106  cells/plate)  for  protein  chemistry.  The  cells  were  differenti¬ 


ated  for  up  to  9  days  in  M/S  supplemented  with  100  ng/ml  7S  NGF 
(Upstate  Biotechnology,  Lake  Placid,  NY).  MEM  with  serum  and 
NGF  is  abbreviated  as  M/S  N  (see  Tatton  et  al.,  1994;  Wadia  et  al., 
1998;  and  Carlile  et  al.,  2000  for  further  details  of  culture  and 
treatment).  Following  incubation  for  1  to  9  days  in  M/S  N,  cells 
underwent  three  successive  washes  in  Hanks’ balanced  salt  solution 
(HBSS;  Invitrogen)  to  remove  NGF  and  serum-borne  trophic  agents 
and  then  were  replaced  into  M/S  N  for  controls  or  into  MEM  only 
(M/O)  to  induce  apoptosis  by  serum  and  NGF  withdrawal.  Varying 
concentrations  of  DEP  (Sigma-Aldrich,  St.  Louis,  MO),  DES  (Toronto 
Chemical,  Toronto,  ON,  Canada),  CGP  3466  (Novartis  AG,  Basel, 
Switzerland),  actinomycin  D,  camptothecin,  or  cycloheximide  (all 
from  Sigma-Aldrich)  were  added  to  the  M/S  N  or  M/O  cultures  at 
varying  times  to  oppose  apoptosis  or  to  inhibit  new  protein  synthesis. 
The  NGF-naive  undifferentiated  PC-12  cells  were  maintained  in  M/S 
on  plates,  wells,  or  coverslips  for  6  days  prior  to  washing  to  induce 
apoptosis  by  serum  withdrawal.  Washed  cells  were  replaced  into  M/S 
or  M/O  with  or  without  identical  additives  to  those  above. 

Both  cell  survival  and  the  percentages  of  cells  with  evidence  of 
apoptotic  nuclear  degradation  were  assessed  for  all  treatments.  To 
estimate  survival,  the  cells  were  seeded  at  a  density  of  8  104 

cells/well  in  24-well  plates.  Cells  were  harvested  24  h  after  treatment 
and  lysed.  Intact  nuclei  were  counted  using  a  hemocytometer  (see 
Tatton  et  al.,  1994;  Wadia  et  al.,  1998;  and  Carlile  et  al.,  2000  for 
details  of  treatment  and  counting  methods).  Percentages  of  cells  with 
apoptotic  nuclei  were  determined  for  cells  grown  on  poly-L-lysine- 
treated  coverslips  (density,  1  104/coverslip).  At  varying  times  after 
treatment,  the  cells  were  stained  with  the  DNA  binding  dye  YOYO-1 
(Molecular  Probes,  Eugene,  OR)  to  reveal  chromatin  condensation  as 
a  marker  of  apoptotic  nuclear  degradation  (Tatton  et  al.,  1994;  Wa¬ 
dia  et  al.,  1998;  Carlile  et  al.,  2000).  Cells  on  coverslips  were  washed 
three  times  in  PBS  followed  by  100%  methanol  incubation  at  20°C 
for  30  s.  The  methanol  was  then  replaced  with  YOYO-1  (1.5  M  in 
PBS)  for  thirty  min  at  room  temperature.  After  three  PBS  washes, 
the  cells  on  coverslips  were  mounted  in  Aquamount  Gurr  (EM  In¬ 
dustries,  Cincinnati,  OH)  for  laser  confocal  scanning  microscopy 
imaging.  The  total  number  of  YOYO-l-stained  nuclei  with  chromatin 
condensation  was  counted  on  twenty-five  40  fields  for  each  cover- 
slip.  Each  field  was  chosen  by  pairs  of  randomly  generated  x-y 
coordinates.  The  proportion  of  nuclei  with  chromatin  condensation 
was  expressed  as  a  percentage  of  the  total  number  of  cells  in  each 
field.  The  values  were  pooled  for  three  coverslips  for  each  treatment 
and  time  point. 

Caspase  Inhibition  of  Cells.  Two  caspase  inhibitors,  N-ben- 
zyloxycarbonyl-Val-Ala-Asp-fluomethylketone  (zVAD-fmk;  Sigma/ 
RBI,  Natick,  MA)  and  Ac-Asp-Glu-Val-Asp-CH  (acetyl-DEVD  alde¬ 
hyde;  Sigma/RBI)  were  used  with  PC-12  cells  that  were  supported 
with  serum  and  NGF  and  those  that  were  serum-  and  NGF-with- 
drawn.  Both  inhibitors  were  applied  in  MEM  with  the  addition  of 
0.25%  dimethyl  sulfoxide.  zVAD-fmk  has  Kj’s  that  show  it  to  be  a 
general  caspase  inhibitor  whereas  acetyl-DEVD  aldehyde  has  a  Kj 
for  caspase-3  that  indicates  a  strong  predilection  for  that  caspase 
(Garcia-Calvo  et  al.,  1998). 

DNA  Electrophoresis.  Cells  grown  in  medium-sized  flasks  and 
trophically  withdrawn  as  above  were  examined  for  internucleosomal 
DNA  digestion  characteristic  of  apoptosis.  At  6  to  1 8  h  after  washing, 
2  106  cells  were  rinsed  with  isotonic  PBS,  and  DNA  was  extracted 

and  prepared  according  to  the  methods  of  Batistatou  and  Greene 
(1993).  The  samples  were  incubated  with  50  mg/ml  DNase  free 
Rnase  (Roche  Applied  Science,  Indianapolis,  IN)  at  37°C  for  30  min. 
The  recovered  soluble  DNA  was  electrophoresed  on  a  1.2%  agarose 
gel  and  blotted  onto  Gene  Screen  Plus  membrane  (PerkinElmer  Life 
Sciences,  Boston,  MA).  Blots  were  probed  with  total  genomic  DNA 
digested  with  Sau  3A  (Roche  Applied  Science).  33P-labeled  probe  was 
prepared  by  the  random  priming  reaction,  and  hybridization  and 
washings  were  performed  according  to  the  manufacturer’s  protocol. 

Metabolic  Labeling  of  Cells  for  Two-Dimensional  Gel  Elec¬ 
trophoresis  of  Total  Cell  Protein.  After  a  methionine-free  MEM 
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(mfMEM;  Sigma-Aldrich)  wash,  the  PC-12  cells  were  pulse-labeled 
for  1.5  h  with  trans-[35S]methionine  (75  Ci/ml;  Amersham  Bio¬ 
sciences,  Piscataway,  NJ)  in  the  mfMEM  at  37°C  to  label  newly 
synthesized  proteins  and  to  estimate  overall  de  novo  protein  synthe¬ 
sis.  Cells  undergoing  treatment  with  DRPs  were  incubated  in 
mfMEM  with  10  9  M  concentrations  of  each  DRP.  mfMEM  was 
removed  from  the  dishes  and  replaced  with  M/S  N,  M/O,  or  MEM 
with  one  of  the  DRPs  for  up  to  4.5  h.  At  6  h  after  the  initial  washing, 
all  media  were  removed,  and  the  labeled  PC-12  cells  were  lysed  (lysis 
buffer:  9.5  M  urea,  2%  3-[(3-cholamidopropyl)dimethylammonio]- 
propanesulfonate,  1.6%  Servalyt,  pH  5  to  7,  0.4%  Servalyt,  pH  2  to  1 1, 
and  5%  -mercaptoethanol;  all  from  Sigma-Aldrich)  directly  on  tissue 
culture  dishes,  scraped,  and  mechanically  homogenized.  To  remove 
unincorporated  radiolabel,  the  lysates  were  precipitated  in  1  ml  of  7% 
trichloroacetic  acid  with  deoxycholate  (Sigma-Aldrich)  (100  g/ml)  and 
centrifuged  for  30  min  at  15,000g.  The  resulting  pellets  were  resus¬ 
pended  in  1  ml  of  5%  trichloroacetic  acid,  recentrifuged,  and  the  super¬ 
natants  discarded.  The  pellets  were  finally  solubilized  in  50  ml  of  the 
lysis  buffer. 

The  lysate  proteins  were  initially  separated  by  isoelectric  focus¬ 
ing  on  0.20  15  cm  cylindrical  gels  [4%  acrylamide,  9.5  M  urea, 

2%  3-[(3-cholamidopropyl)dimethylammonio]propanesulfonate, 
3.2%  carrier  ampholytes  5-7,  and  0.75%  carrier  ampholytes  3-10]. 
The  proteins  were  then  further  separated  according  to  molecular 
mass  (second  dimension)  in  the  presence  of  0.1%  SDS  on  linear  5 
to  15%  gradients  of  acrylamide  using  a  discontinuous  buffer  sys¬ 
tem.  Gels  were  fixed  in  10%  acetic  acid  and  30%  methanol  and 
gently  soaked  with  EN3HANCE  solution  (Amersham  Biosciences) 
for  1  h  followed  by  incubation  in  10%  v/v  glycerol  in  PBS  for 
another  hour  and  then  vacuum-dried  onto  3-MM  Whatman  filter 
paper  (Whatman,  Clifton,  NJ).  Exposure  of  the  gel  to  preflashed 
Hyperfilm  MP  (Amersham  Biosciences)  required  7  days  for  opti¬ 
mal  resolution. 

Scintillation  Counting  and  Two-Dimensional  Gel  Electro¬ 
phoresis  of  Subcellular  Protein  Fractions.  PC-12  cells  were 
grown  and  treated  as  described  above,  after  washing  in  HBSS,  and 
cells  were  metabolically  labeled  as  above  with  trans-[35S]methionine 
label  in  mfMEM  for  1.5  h  in  M/S  N,  M/O,  or  MEM  with  DRPs  as 
above.  At  6  h  after  the  HBSS  washing  step,  cells  were  harvested  and 
homogenized  in  MOPS/sucrose/EDTA  buffer  (pH  7.2)  with  the  addi¬ 
tion  of  phenylmethylsulfonyl  fluoride,  dithiothreitol,  and  leupeptin 
(Sigma-Aldrich)  to  inhibit  protease  activity  prior  to  homogenization. 
The  suspension  of  PC-12  cells  in  PBS  was  then  centrifuged  four 
times  at  200g  for  10  min  at  4°C,  the  final  wash  being  in  nuclear 
buffer  containing  10  mM  1,4-piperazinediethanesulfonic  acid,  pH 
7.4,  10  mM  KC1,  2  mM  MgCl2,  1  mM  dithiothreitol,  10  M  cytocha- 
lasin  B,  and  1  mM  phenylmethylsulfonyl  fluoride  (all  from  Sigma- 
Aldrich).  The  cells  were  allowed  to  swell  for  20  min  and  homogenized 
by  30  strokes  of  a  Dounce  glass  homogenizer.  The  resulting  pellet 
was  layered  over  30%  sucrose  and  centrifuged  at  800g  for  10  min  to 
isolate  the  nuclear  fraction.  The  final  nuclear  pellet  was  suspended 
in  a  small  volume  of  nuclear  buffer  containing  250  mM  sucrose  and 
frozen  until  further  analysis  was  performed.  The  supernatants  above 
the  nuclear  pellet  were  differentially  centrifuged  to  isolate  the  mito¬ 
chondrial  fraction  by  a  4°C  centrifugation  at  14,000g  for  10  min.  The 
resulting  mitochondrial  pellet  was  resuspended  in  mitochondrial 
containing  250  mM  mannitol  with  0.1%  (w/v)  bovine  serum  albumin, 
pH  7.2,  0.5  mM  EGTA,  and  5  mM  HEPES  supplemented  with  1 
g/ml  leupeptin,  1  g/ml  pepstatin  A,  50  g/ml  antipain,  and  10 
g/ml  chymostatin  (all  from  Sigma-Aldrich)  and  recentrifuged.  The 
pellet  was  then  suspended  in  a  small  volume  of  mitochondrial  buffer 
and  stored  until  further  processing.  The  supernatant  resulting  from 
the  mitochondrial  isolation  containing  enriched  peroxisomes  and 
soluble  cytoplasmic  proteins  was  then  centrifuged  at  1 00,000g  for  1  h 
to  pellet  peroxisomal  and  cytoplasmic  proteins.  Finally,  the  above 
mitochondrial  samples  were  then  applied  to  metrizamide  gradients 
(Sigma-Aldrich)  to  further  separate  the  mitochondrial  proteins  from 
those  of  the  plasma  membrane  and  the  Golgi.  Protein  concentrations 


were  determined  for  individual  subcellular  fractions  using  a  BCA 
protein  assay  kit  (Pierce  Chemical,  Rockford,  IL),  and  identical 
amounts  of  subcellular  proteins  were  analyzed  by  scintillation  count¬ 
ing  or  by  preparative  gels.  To  demonstrate  the  enrichment  of  the 
subfractions,  equal  amounts  of  proteins  from  each  fraction  were 
Western  blotted  and  probed  with  antibodies  for  nucleolin,  14-3-3-  , 
and  cytochrome  oxidase  (see  Carlile  et  al.,  2000  for  details  and 
examples  of  our  use  of  these  methods). 

Similarly  prepared  samples  of  the  protein  fractions  were  then 
used  for  scintillation  counting  of  relative  trans-[35S]methionine  label 
incorporation.  For  scintillation  counts,  each  sample  was  applied  to 
one  glass  fiber  filter  (Ahlstrom  Filtration,  Mt.  Holly  Springs,  PA)  and 
allowed  to  adsorb.  Each  filter  was  then  washed  with  0.05  M  Tris 
buffer  (pH  7.2).  Filters  were  analyzed  using  a  Beckman  scintillation 
counter  (Beckman  Coulter,  Inc.,  Fullerton,  CA)  using  the  windows 
open  option.  Counts  of  the  individual  fractions  were  compared  with 
those  for  total  protein. 

For  the  analysis  of  individual  protein  subcellular  fractions,  20  g 
of  each  fraction  were  loaded  onto  isoelectric  focusing  gels  (pi,  3-10 
range)  and  then  taken  through  linear  gradient  gels  in  the  second 
dimension  (5-15%  denaturing  gradient  gels).  The  different  subcellu¬ 
lar  fractions  from  the  different  treatment  groups  were  transferred  to 
polyvinylidene  difluoride  sequencing  membranes  overnight  by  semi¬ 
dry  transfer  and  then  exposed  to  preflashed  film  for  a  period  of  7  to 
9  days.  Individual  new  proteins  from  the  different  subcellular  frac¬ 
tions  and  different  treatment  groups  were  then  imaged  and  exam¬ 
ined  using  MetaMorph  software  (Universal  Imaging  Corp.,  Down- 
in  gt  own,  PA). 

Western  Blots  for  Protein  Levels.  Alterations  in  the  expression 
of  specific  proteins  were  examined  using  Western  blots  of  protein 
lysates  that  were  extracted  at  various  times  3,  6,  9,  12,  18,  and  24  h 
after  washing  in  HBSS  and  incubation  in  either  M/S  N,  M/O,  or 
MEM  with  DRP  added.  PC-12  cell  proteins  were  extracted  as  total 
soluble  lysates  or  lysates  for  the  nuclear,  mitochondrial,  and  cytoso¬ 
lic  fractions  (detailed  methods  and  confirmation  of  fractionation 
purity  are  presented  in  Carlile  et  al.,  2000).  Briefly,  the  cells  were 
treated  as  above,  scraped  from  Petri  dishes  in  cold  PBS,  and  har¬ 
vested  by  centrifugation  at  300g  for  5  min  at  4°C.  The  pellets  were 
washed  twice  in  cold  PBS  and  resuspended  in  buffer  containing  25 
mM  Hepes-KOH,  pH  7.5,  10  mM  KC1,  1.5  mM  MgCl2,  1  mM  sodium 
EDTA,  1  mM  sodium  EGTA,  1  mM  dithiothreitol,  and  5  g/ml 
leupeptin,  5  g/ml  chymostatin,  5  g/ml  pepstatin  A,  5  g/ml  apro- 
tinin,  plus  1  mM  benzamidine  and  250  mM  sucrose  (all  from  Sigma- 
Aldrich).  The  cells  were  homogenized  by  12  to  15  strokes  of  a  glass 
Dounce  homogenizer  and  centrifuged  at  800g  for  10  min  at  4°C  to 
pellet  the  nuclear  fraction.  The  supernatants  were  again  centrifuged 
at  10,000g  for  15  min  at  4°C.  These  pellets  contained  the  mitochon- 
drially  enriched  fraction,  and  the  supernatant  included  the  cytoplas¬ 
mic  fraction.  Both  nuclearly  and  mitochondrially  enriched  fractions 
were  resuspended  in  50  1  of  the  above  buffer  and  frozen  at  30°C. 

Prior  to  use,  the  samples  were  protein  assayed  by  the  BCA  protein 
assay  method.  The  protein  fraction  lysates  (30-40  g)  were  electro- 
phoresed  on  either  10  or  12%  SDS-polyacrylamide  gels  and  then 
transferred  to  nitrocellulose  blotting  membranes  (Bio-Rad,  Hercules 
CA).  Membranes  were  agitated  at  room  temperature  for  2  h  with 
primary  antibodies  [dilutions  being  1:500  for  anti-BCL-2  (Santa 
Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA),  1:2000  for  anti-BAX  (BD 
Biosciences,  San  Jose,  CA),  1:800  for  anti-c-FOS  (Geneka  Biotech¬ 
nology  Inc.,  Montreal,  QC,  Canada),  1  g/ml  anti-c-JUN  (Stressgen 
Biotechnologies  Corp.,  Collegeville,  PA),  1:5,000  anti-CuZn  superox¬ 
ide  dismutase  (SODl)/Mn  superoxide  dismutase  (SOD2)  (BioDesign 
International,  Abingdon,  UK),  1  g/ml  tubulin  (Molecular  Probes), 
1:2000  neurofilament  light  protein  (Sternberger  Monoclonals  Inc., 
Lutherville,  PA),  1:1000  anti-GAPDH  (Chemicon  International,  Te¬ 
mecula,  CA),  1:1000  anti-MAP-2  (Sigma-Aldrich),  1:1200  anti-ty- 
rosine  hydroxylase  (Zymed  Laboratories,  South  San  Francisco,  CA), 
and  1:100  g/ml  anti-glutathione  peroxidase  (MBL  International, 
Watertown,  MA)]  in  3%  blocking  solution  (Amersham  Biosciences). 
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Following  washing  in  Tris-buffered  saline  (pH  7.4),  membranes  were 
incubated  for  1  to  2  h  in  the  appropriate  alkaline  phosphatase-  or 
horseradish  peroxidase-labeled  secondary  antibody  (Amersham  Bio¬ 
sciences).  Reactions  were  visualized  using  either  3,3-diaminobenzi- 
dine/0.2%  H202  or  nitrotetrazolium  blue/5-bromo-4-chloro-3-indolyl- 
phosphate  (all  from  Sigma-Aldrich)  as  substrates.  All  detected  bands 
were  then  digitized  using  a  charge-coupled  device  camera  and  im¬ 
aged  and  analyzed  using  MetaMorph  software. 

Statistical  Evaluation.  To  statistically  evaluate  the  data,  the 
individual  measurements  of  data  from  different  treatment  groups 
were  first  analyzed  using  Statistica  software  (StatSoft,  Tulsa,  OK)  to 
carry  out  two-tailed  independent  sample  t  testing.  Levene’s  testing 
for  homogeneity  of  variances  showed  that  most  pairs  of  samples  were 
not  homogeneous  and  2  evaluation  of  the  distributions  showed  that 
most  did  not  fit  a  normal  distribution  (see  Siegel,  1956).  Accordingly, 
analysis  with  parametric  methods  such  as  the  t  test  may  not  provide 
valid  results.  The  data  were  rank  ordered  and  first  tested  with  the 
Kruskal-Wallis  analysis  of  variance  by  ranks  (Siegel,  1956)  using 
Statistica.  Post  hoc  analysis  was  carried  out  using  Mann-Whitney  U 
testing.  Both  methods  do  not  require  homogeneity  of  variances,  that 
the  underlying  distributions  for  the  data  be  known,  or  that  the 
values  are  linearly  related  (Siegel,  1956).  Kruskal-Wallis  analysis  of 
variance  values  are  presented  in  the  text,  and  Mann-Whitney  U 
values  are  only  presented  where  they  differ  from  the  Kruskal-Wallis. 
Asterisks  in  figures  indicate  p  0.05. 

Results 

Dependence  of  PC-12  Survival  after  Protein  Synthe¬ 
sis  Inhibition  on  Duration  ofPrevious  NGF  Exposure. 
Previous  studies  have  shown  differing  effects  of  protein  syn¬ 
thesis  inhibitors  on  PC-12  cell  survival.  Those  studies 
seemed  to  suggest  that  the  duration  of  previous  NGF  expo¬ 
sure  could  determine  how  the  inhibitors  affect  PC-12  cell 
survival.  Protein  synthesis  inhibitors  have  decreased  sur¬ 
vival  of  serum-supported,  NGF-naive  PC-12  cells  (i.e.,  cells 
maintained  in  medium  with  serum)  (Torocsik  and  Szebere- 
nyi,  2000)  whereas  they  did  not  alter  the  decreased  survival 
induced  by  serum  withdrawal  in  the  NGF  -naive  cells  (Ruken- 
stein  et  al.,  1991).  In  marked  contrast,  protein  synthesis 
inhibitors  prevented  much  of  the  decreased  survival  caused 
by  serum  and  NGF  withdrawal  in  PC-12  cells  that  had  been 
previously  exposed  to  NGF  for  12  days  (Mesner  et  al.,  1995). 
Alternatively,  protein  synthesis  inhibitors  did  not  alter  the 
reduced  survival  caused  by  serum  and  NGF  withdrawal  in 
PC-12  cells  previously  exposed  to  serum  and  NGF  for  6  days 
(Tatton  et  al.,  1994). 

We  examined  cell  survival  after  serum  withdrawal  in 
NGF  -naive  PC-12  cells  and  after  serum  and  NGF  withdrawal 
in  PC-12  cells  previously  maintained  in  serum  and  NGF  for 
3,  6,  or  9  days  (Fig.  1).  In  all  figures,  M/S  or  M/S  N  indicates 
serum  or  serum  and  NGF -supported  cells,  respectively, 
whereas  M/O  indicates  serum-  or  serum-  and  NGF-with- 
drawn  cells.  In  the  different  experimental  groups,  mean  cell 
losses  at  24  h  after  the  withdrawal  ranged  from  56.3  to 
60.5%,  with  the  losses  being  greater  for  the  serum-with- 
drawn  than  the  serum-  and  NGF  -withdrawn  cells.  We  used  a 
range  of  concentrations  of  actinomycin  D  (0.06-30  g/ml), 
camptothecin  (0.02-200  g/ml),  and  cycloheximide  (0.01-100 
g/ml)  to  determine  the  effects  of  protein  synthesis  inhibition 
on  cell  survival.  Figure  1,  Al  through  A3,  shows  that  actino¬ 
mycin  D  concentrations  of  1  g/ml  or  greater,  camptothecin 
concentrations  of  2  g/ml  or  greater,  or  cycloheximide  con¬ 
centrations  of  1  g/ml  or  greater  decreased  NGF  -naive  PC- 12 


+  Actinomycin  0  ♦  Camptothecin  ♦  Cycloheximide 


Fig.  1.  Effect  of  protein  synthesis  inhibitors  on  PC-12  survival  depends 
on  previous  NGF  exposure.  Varying  concentrations  of  actinomycin  D  (Al, 
Bl,  Cl,  and  Dl),  camptothecin  (A2,  B2,  C2,  and  D2),  and  cycloheximide 
(A3,  B3,  C3,  and  D3)  were  applied  to  NGF-naive  PC-12  cells  (A1-A3)  or 
PC-12  cells  previously  exposed  to  NGF  for  3  (B1-B3),  6  (C1-C3),  or  9  days 
(D1-D3)  to  determine  whether  the  duration  of  previous  NGF  exposure 
altered  the  effect  of  protein  synthesis  inhibition  on  cell  survival.  Cells 
were  either  trophically  supported  by  serum  or  serum  and  NGF  (open 
circles)  or  trophically  withdrawn  (filled  circles).  Values  are  means 
S.E.M.  in  all  figures.  Means  are  for  8  to  16  measurements  in  this  and 
other  plots  of  survival.  Distance  between  dotted  lines  show  the  extent  of 
control  S.E.M.  values  for  trophically  supported  (labeled  M/S  or  M/S  N) 
or  trophically  withdrawn  (M/O)  survival  without  protein  inhibitor  treat¬ 
ment.  ,  values  significantly  differ  from  controls  (p  0.05  relative  to  M/S, 
M/S  N,  or  M/O);  E ,  washed  and  returned  to  M/S;  F,  washed  and  placed 
in  M/O,  serum-  or  serum-  and  NGF -withdrawn. 

cell  survival  whether  the  cells  were  serum-supported  or  se¬ 
rum-withdrawn.  The  decreases  in  survival  are  similar  to 
those  reported  for  NGF-naive  PC-12  cells  treated  with  the 
protein  synthesis  inhibitor  anisomycin  (Torocsik  and  Sze- 
berenyi,  2000). 

In  contrast,  PC-12  cells  exposed  to  serum  and  NGF  for  9 
days  showed  increased  survival  after  serum  and  NGF  with¬ 
drawal  when  treated  with  actinomycin  D  concentrations  of  1 
to  3  g/ml,  camptothecin  concentrations  of  20  g/ml,  or  cy¬ 
cloheximide  concentrations  of  8  to  10  g/ml  (Fig.  1,  D1-D3). 
Those  concentrations  did  not  alter  the  survival  of  9-day  NGF  - 
differentiated  PC-12  cells  that  were  serum-  and  NGF -sup¬ 
ported,  whereas  higher  concentrations  of  the  inhibitors  (i.e., 
30  g/ml  actinomycin  D,  200  g/ml  camptothecin,  and  100 
g/ml  cycloheximide)  reduced  the  survival  of  the  serum-  and 
NGF-supported,  9-day  NGF -differentiated  cells.  PC-12  cells 
exposed  to  serum  and  NGF  for  3  (Fig.  1,  B1-B3)  or  6  days 
(Fig.  1 ,  C 1  and  C2)  did  not  show  any  inhibitor -induced  alter¬ 
ations  in  the  reduced  survival  caused  by  serum  and  NGF 
withdrawal  except  for  decreases  induced  by  the  high  inhibi¬ 
tor  concentrations  that  decreased  survival  in  the  9-day  NGF  - 
differentiated  cells. 
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Our  studies  were  aimed  at  examining  the  dependence  of 
DRP  antiapoptosis  on  new  protein  synthesis  in  PC-12  cells 
that  were  maximally  NGF-differentiated.  Based  on  the  data 
in  Fig.  1,  we  chose  to  examine  PC-12  cells  that  had  been 
exposed  to  serum  and  NGF  for  6  days.  Although  the  use  of 
PC-12  cells  after  9  days  of  serum  and  NGF  exposure  would 
provide  a  greater  degree  ofNGF  differentiation,  any  changes 
in  survival  induced  by  protein  synthesis  inhibitors  after  DRP 
treatment  would  have  to  be  subtracted  or  added  to  the  in¬ 
creases  in  survival  that  the  inhibitors  induced  after  serum 
and  NGF  withdrawal. 

DRPs  Induce  Concentration -Dependent  Survival  In¬ 
creases  in  PC-12  Cells  Exposed  to  NGF  for  6  Days  But 
Not  Those  Exposed  to  NGF  for  Less  Than  4  Days.  About 
4  days  ofNGF  exposure  were  required  before  DRPs  increased 
the  survival  of  serum-  and  NGF-withdrawn  cells.  First,  we 
found  that  DRPs  increased  the  survival  of  6-day  NGF  -differ¬ 
entiated  PC-12  cells  after  serum  and  NGF  withdrawal  but 
did  not  increase  the  survival  of  serum-withdrawn,  NGF- 
naive  cells  (Fig.  2,  A1-A3).  DEP  (Fig.  2A1)  and  DES  (Fig. 
2A2)  induced  significant  increases  in  survival  (p  0.05  for 
MEM  with  DRP  addition  compared  with  M/O)  over  a  concen¬ 
tration  range  of  10  5  to  10  11  M,  with  the  greatest  increase 
at  10  9  M.  CGP  3466  induced  a  similar  survival-concentra¬ 
tion  relationship  (Fig.  3A3)  but  also  significantly  increased 
survival  at  10  13  M  (p  0.05  for  MEM  with  CGP  3466 
addition  compared  with  M/O).  As  shown  in  the  same  plots, 
the  DRPs  did  not  alter  the  survival  ofNGF-naive  PC-12  cells 
that  were  maintained  in  MEM  with  serum  for  6  days  prior  to 
undergoing  serum  withdrawal.  DRPs  induced  similar  in¬ 
creases  in  survival  in  the  9-day  NGF-differentiated  cells  to 
those  found  for  the  6-day  NGF-differentiated  cells  (data  not 
shown). 

Second,  we  examined  the  relationship  between  the  dura¬ 
tion  ofNGF  exposure  to  the  capacity  of  the  DRPs  to  increase 
survival  after  serum  and  NGF  withdrawal.  The  10  9  M  con- 
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Fig.  2.  Concentration  relations  for  DRP  increases  in  survival  and  dura¬ 
tion  ofNGF  exposure  necessary  for  DRP-induced  increases  in  survival 
after  serum  and  NGF  withdrawal.  At,  A2,  and  A3  show  that  DEP,  DES, 
and  CGP  3466  concentrations  of  10  5  to  10  1 1  M  increase  the  survival  of 
6-day  NGF-differentiated  PC-12  cells  after  serum  and  NGF  withdrawal 
but  similar  concentrations  donot  increase  the  survival  ofNGF-naive  cells 
after  serum  withdrawal.  Bl,  B2,  and  B3  show  that  approximately  4  days 
of  prior  NGF  exposure  is  necessary  for  the  three  propargylamines  to 
increase  the  survival  of  PC-12  cells  after  serum  and  NGF  withdrawal.  , 
significant  increases  (p  0.05)  in  survival  relative  to  those  for  M/O. 


centration  of  each  DRP  was  tested  on  PC-12  cells  previously 
exposed  to  NGF  for  periods  varying  between  1  and  9  days 
(Fig.  2,  B1-B3).  Significant  increases  in  survival  relative  to 
that  for  cells  maintained  in  medium  with  serum  without 
NGF  (p  0.05)  for  the  same  periods  become  evident  at  the 
fourth  to  fifth  day  of  exposure  to  NGF  and  continued  to  day 
9.  Accordingly,  the  capacity  of  the  DRPs  to  increase  survival 
after  NGF  and  serum  withdrawal  requires  at  least  4  days  of 
previous  exposure  to  NGF.  The  plots  in  Fig.  2,  Bl  through 
B3,  are  normalized  to  the  mean  survival  for  cells  that  under¬ 
went  serum  or  serum  and  NGF  withdrawal  and  therefore 
represent  the  percentage  of  increase  in  survival  induced  by 
the  DRPs,  whereas  those  in  Fig.  2,  A1  through  A3,  present 
the  percentage  of  survival  relative  to  that  for  serum-  or 
serum-  and  NGF -supported  cells.  We  altered  the  ordinate 
scale  in  Fig.  2,  Bl  through  B3,  to  percentage  of  increase  in 
survival,  since  serum-withdrawn  cells  showed  a  lower  level  of 
survival  than  serum-  and  NGF-withdrawn  cells  as  shown  in 
F ig.  1  and  F ig.  2,  A1  through  A3.  By  normalizing  the  survival 
to  mean  values  after  serum  or  serum  and  NGF  withdrawal, 
we  were  able  to  determine  the  timing  of  DRP-induced  in¬ 
creases  in  survival. 

Decreased  Survival  after  Serum  and  NGF  With¬ 
drawal  in  the  6-Day  NGF-Differentiated  PC-12  Cells 
Involves  Apoptosis.  We  previously  showed  that  partially 
NGF-differentiated  PC-12  cells  undergo  apoptotic  degrada¬ 
tion  after  serum  and  NGF  withdrawal  using  1)  DNA  gel 
electrophoresis  to  demonstrate  nuclear  DNA  cleavage,  2)  in 
situ  DNA  end  labeling  with  Apop  Tag  (Sigma-Aldrich)  or 
Bodipy  dUTP  (Serologicals  Corp.,  Norcross,  GA)  for  nuclear 
DNA  cleavage,  3)  DNA  staining  with  Hoechst  33258  (Molec¬ 
ular  Probes,  Eugene,  OR)  or  YOYO-1  for  nuclear  chromatin 
condensation,  and  4)  immunocytochemistry  for  antibodies 
against  nuclear  histones  to  demonstrate  nuclear  protein  re¬ 
organization  (Tatton  et  al.,  1994;  Wadia  et  al.,  1998;  Carlile 
et  al.,  2000). 

The  apoptotic  nuclear  degradation  after  serum  and  NGF 
withdrawal  is  accompanied  by  shrinkage  of  NGF -induced 
neuron-like  processes.  The  laser  scanning  confocal,  interfer¬ 
ence  contrast  micrographs  in  Fig.  3,  Al  and  Bl,  serve  to 
compare  the  process  development  in  PC-12  cells  exposed  to 
serum  for  6  days  plus  12  h  versus  those  exposed  to  serum  and 
NGF  for  the  same  period.  The  NGF-naive  PC-12  cells  were 
typically  smaller  and  did  not  show  the  neuron-like  process 
development  found  for  the  6-day  NGF-differentiated  cells. 
Serum  and  NGF  withdrawal  induced  partial  process  retrac¬ 
tion  and  blunting  of  processes  in  the  6-day  NGF-differenti¬ 
ated  cells  as  illustrated  in  Fig.  3D1  for  cells  at  12  h  after 
serum  and  NGF  withdrawal.  The  interference  contrast  mi¬ 
crographs  for  the  serum-  and  NGF-withdrawn  cell  also 
showed  membrane  blebbing  typical  of  apoptosis. 

Figure  3,  A2  and  B2  show  typical  YOYO-1  nucleic  acid 
staining  in  nuclei  of  serum  or  serum-  and  NGF-supported 
cells,  respectively,  at  6  days  plus  12  h.  Figure  3,  C2  and  D2 
show  typical  nuclei  undergoing  chromatin  condensation  at 
12  h  after  serum  or  serum  and  NGF  withdrawal,  respec¬ 
tively.  Typically,  nuclei  undergoing  chromatin  condensation 
were  highly  condensed  with  smooth  edges  that  are  found  as 
a  single  intensely  fluorescent  body  or  as  multiple  intensely 
fluorescent  bodies  surrounded  by  condensed  cytoplasm.  Ap¬ 
optotic  nuclear  shrinkage  was  evident  on  both  the  interfer¬ 
ence  contrast  and  YOYO-1  fluorescence  images.  A  relatively 
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Fig.  3.  Apoptotic  markers  in  NGF -naive  and  6-day  NGF-differentiated  PC-12  cells.  Al  through  D2,  each  horizontal  pair  of  laser  confocal  scanning 
micrographs  is  for  an  identical  image  field.  The  left-hand  member  presents  an  interference  contrast  image  and  the  right-hand  image  presents  YOYO-1 
fluorescence.  Al,  A2,  Bl,  and  B2  are  for  NGF-naive  PC-12  cells  maintained  in  M/S  for  6  days  and  6-day  NGF-differentiated  PC-12  cells,  respectively, 
that  were  washed  repeatedly  and  replaced  into  M/S  or  M/S  N  to  maintain  trophic  support.  Cl,  C2,  Dl,  and  D2  are  for  NGF-naive  PC-12  cells 
maintained  in  M/S  for  6  days  and  6-day  NGF-differentiated  PC-12  cells,  respectively,  that  were  trophically  withdrawn  by  repeated  washing  and 
placement  into  M/O.  The  interference  contrast  images  for  6-day  NGF-differentiated  PC-12  cells  show  apoptotic  membrane  blebbing  and  process 
withdrawal  (compare  Bl  and  Dl).  The  filled  arrows  indicate  nuclei  with  chromatin  condensation  whereas  the  open  arrow  indicates  a  nucleus 
undergoing  mitosis  for  comparison.  E,  DNA  electrophoresis  gels  showing  laddering  typical  of  internucleosomal  DNA  digestion  at  6  to  1 8  h  after  serum 
and  NGF  withdrawal  in  6-day  NGF-differentiated  PC-12  cells.  F,  acetyl-DEVD  aldehyde,  a  caspase  inhibitor  with  a  predilection  for  caspase-3,  and 
zVAD-fmk,  a  general  caspase  inhibitor,  induce  about  45  and  65%  reductions,  respectively,  in  the  decreased  survival  induced  by  serum  and  NGF 
withdrawal  in  6-day  NGF-differentiated  PC-12  cells.  ,  significant  increases  in  survival  (p  0.05)  compared  with  cells  not  treated  with  a  caspase 
inhibitor  (0  M  concentration). 


high  proportion  of  NGF-naive  cells  was  undergoing  division 
as  evidenced  by  YOYO-1  staining  of  mitotic  spindles.  A 
YOYO-1 -stained  naive  PC-12  cell  undergoing  mitosis  is 
shown  in  Fig.  3A2  for  comparison  with  those  undergoing 
nuclear  chromatin  condensation. 

"Ladder”  patterns  could  be  discerned  on  DNA  gel  electro¬ 
phoresis  for  the  6-day  NGF-differentiated  PC-12  cells  after 
serum  and  NGF  withdrawal.  The  ladders  were  best  defined 
at  6  to  18  h  after  serum  and  NGF  withdrawal  as  illustrated 
in  Fig.  3E.  Finally,  treatment  with  either  a  caspase-3  inhib¬ 
itor  (acetyl-DEVD  aldehyde)  or  a  general  caspase  inhibitor 
(zVAD-fmk)  induced  concentration-dependent  reductions  in 
the  decreased  survival  caused  by  serum  and  NGF  with¬ 
drawal  in  the  6-day  NGF  -differentiated  PC-12  cells  (F  ig.  3F). 
ZVAD  increased  the  survival  to  a  maximum  of  82%  whereas 
acetyl-DEVD  aldehyde  increased  survival  to  a  maximum  of 
61%.  The  caspase  inhibitors  did  not  alter  survival  of  the 
6-day  NGF-differentiated  cells  when  they  were  serum-  and 
NGF-supported.  These  findings  indicate  that  the  apoptosis 
signaling  induced  by  the  serum  and  NGF  withdrawal  in  the 
6-day  NGF-  differentiated  PC-12  cells  was  caspase-depen- 


dent,  apparently  to  the  greatest  extent  for  caspases  other 
than  caspase-3. 

The  percentage  of  YOYO-l-stained  nuclei  showing  chroma¬ 
tin  condensation  in  the  6-day  NGF  -differentiated  PC-12  cells 
first  increased  above  baseline  at  6  h  after  serum  and  NGF 
withdrawal,  reaching  a  maximum  of  12  to  13%  approxi¬ 
mately  12  h  after  the  withdrawal  of  serum  and  NGF  (Fig.  4, 
A1-A3).  Treatment  with  10  9  M  DEP  (Fig.  4A1),  DES  (Fig. 
4A2),  or  CGP  3466  (Fig.  4A3)  decreased  the  percentages  of 
nuclei  with  chromatin  condensation  to  less  than  4%  at  all 
time  points.  Since  nuclei  with  chromatin  condensation  exist 
for  a  limited  period  of  time  during  apoptotic  degradation,  the 
numbers  of  condensed  YOYO-l-stained  nuclei  at  a  given  time 
point  reflects  only  those  cells  in  the  degradative  phase  at  the 
time  of  fixation  and  do  not  provide  an  estimate  of  the  overall 
cell  loss  resulting  from  apoptosis. 

We  therefore  also  performed  counts  of  intact  nuclei  taken 
from  PC-12  cells  that  were  grown  in  wells  and  exposed  to 
identical  conditions  as  those  stained  with  YOYO-1  on  cover- 
glasses.  The  counts  provide  a  cumulative  estimate  of  cell  loss 
prior  to  a  given  time  point  and  were  expressed  as  the  per- 
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Fig.  4.  DRP  alterations  in  the  time  courses  of  appearance  of  nuclear 
chromatin  condensation  and  decreased  survival  initiated  in  NGF -differ¬ 
entiated  PC-12  cells  by  serum  and  NGF  withdrawal.  At,  A2,  and  A3  show 
the  time  course  of  the  appearance  of  nuclei  with  chromatin  condensation 
shown  by  YOYO-1  staining  in  6-day  NGF-differentiated  PC-12  cells  and 
the  time  course  of  reductions  in  nuclei  with  chromatin  condensation 
induced  by  10  9  M  DEP,  DES,  or  CGP  3466,  respectively.  B1  and  B2  show 
the  time  course  of  decreased  6-day  NGF-differentiated  PC-12  cell  survival 
initiated  by  serum  and  NGF  withdrawal  and  the  time  course  of  the 
increased  survival  induced  by  10  9  M  DEP,  DES,  or  CGP  3466  after 
serum  and  NGF  withdrawal.  Cl  and  C2  show  that  delays  in  the  admin¬ 
istration  of  10  9  M  DEP  or  DES  administration,  respectively,  of  less  than 

2  h  did  not  alter  the  increase  in  survival  induced  by  the  DRPs  whereas 
delays  in  administration  of  3  to  5  h  progressively  reduced  the  capacity  of 
the  DRPs  to  increase  survival  of  the  6-day  NGF-differentiated  PC-12 
cells.  ,  significant  increases  in  survival  (p  0.05)  compared  with  M/O; 

,  M/S  N;  ,  M/O;  f ,  DEP  10  9  M;  E,  DES  10  9  M;  ,  ,  CGP  3466 
10  9  M. 

centage  of  surviving  cells  compared  with  that  found  for  the 
0-h  time  point.  Survival  was  reduced  to  about  40%  of  the 
number  of  serum-  and  NGF -supported  cells  by  24  h  after  the 
withdrawal  of  serum  and  NGF  (Fig.  4,  B1  and  B2).  The 
reductions  in  survival  appeared  to  occur  in  two  phases:  a  first 
phase  involving  losses  of  16  to  18%  of  the  cells  occurring  over 
the  first  4.5  to  6  h  after  serum  and  NGF  withdrawal,  and  a 
second  phase  involving  the  further  loss  of  about  45%  of  the 
cells  between  6  h  and  24  h  after  serum  and  NGF  withdrawal. 
The  approximate  9%  decrease  in  survival  that  was  evident  at 

3  h  was  not  accompanied  by  an  increase  in  the  percentage  of 
nuclei  with  chromatin  condensation  at  the  same  time  point 
(compare  F ig.  4,  A1-A3  with  F ig.  4,  B 1  and  B2).  The  absence 
of  an  increase  in  cells  with  evidence  of  nuclear  chromatin 
condensation  at  times  of  less  than  6  h  suggest  that  the  cell 
loss  during  the  first  phase  was  not  apoptotic.  Accordingly,  the 
data  in  Fig.3E  andFig.4,Bl  andB2  suggest  that  the  general 
caspase  inhibitor  rescued  most,  if  not  all,  of  the  apoptotic 
cells. 

The  DRPs  increased  cell  survival  and  slowed  the  rate  of 
cell  loss  over  phase  2  but  not  during  phase  1  (Fig.  4,  B1  and 
B2).  The  findings  suggest  that  the  mechanisms  underlying 
cell  loss  during  the  first  6  h  after  serum  and  NGF  withdrawal 
were  not  altered  by  the  DRPs  whereas  those  operating  after 
6  h  were  responsive  to  DRP  treatment.  Data  like  that  in  Fig. 
4B  indicate  that  the  DRPs  decrease  apoptosis  in  phase  2  by 
79  to  94%. 

We  progressively  delayed  the  addition  of  the  DRPs  relative 


to  the  time  of  serum  and  NGF  withdrawal  in  the  6-day 
NGF-differentiated  cells  (Fig.  4,  Cl  and  C2).  DRP  addition 
could  be  delayed  for  2  to  3  h  before  the  capacity  of  the  DRPs 
to  increase  survival  was  diminished  (p  0.05  compared  with 
survival  for  adding  DRPs  at  time  0).  After  delays  of  4  or  5  h 
or  more,  the  DRPs  did  not  provide  any  increase  in  survival  (p 

.05  compared  with  survival  for  M/O).  Accordingly,  the  max¬ 
imum  effect  of  DRPs  on  apoptosis  caused  by  serum  and  NGF 
withdrawal  occurs  during  the  first  2  h  after  their  addition 
followed  by  a  gradual  decrease  in  the  antiapoptosis  over 
hours  2  to  5.  Figure  4,  A1-A3  and  our  previous  work  (Wadia 
et  al.,  1998)  indicate  that  nuclear  apoptotic  degradation  be¬ 
gins  at  about  6  h  after  serum  and  NGF  withdrawal  and  is 
maximal  at  12  h.  Hence,  the  delay  experiments  suggest  that 
the  DRPs  act  relatively  early  in  the  apoptosis  signaling  pro¬ 
cess. 

Dependence  of  DRP  Antiapoptosis  on  New  Protein 
Synthesis.  Metabolic  labeling  using  [35S]methionine  incor¬ 
poration  was  determined  for  the  three  protein  synthesis  in¬ 
hibitors  at  maximum  concentrations  (see  Fig.  1 ,  C 1-C3)  that 
did  not  reduce  survival  (3  g/ml  actinomycin  D,  10  g/ml 
cycloheximide,  and  20  g/ml  camptothecin).  Scintillation 
counting  showed  that  new  protein  synthesis  was  decreased 
by  92%  or  more  for  each  of  those  concentrations  (bar  graphs 
in  Fig.  5,  A1-A3)  when  the  maximum  concentrations  of  the 
protein  synthesis  inhibitors  that  did  not  decrease  survival 
were  applied.  Those  concentrations  of  the  protein  synthesis 
inhibitors  were  applied  to  the  6-day  NGF-differentiated 
PC-12  cells  following  serum  and  NGF  withdrawal.  Similar  to 


DRP  Concentration!  M)  Delay  In  Addition 

Of  Inhibitor  (Hrs) 


Fig.  5.  Transcriptional  or  translational  inhibition  prevents  DRP  anti¬ 
apoptosis  in  NGF-differentiated  PC-12  cells  after  serum  and  NGF  with¬ 
drawal.  Al,  A2,  and  A3  show  that  3  g/ml  of  actinomycin  D,  20  g/ml  of 
camptothecin,  or  8  g/ml  of  cycloheximide,  respectively,  which  do  not 
reduce  the  survival  of  6-day  NGF-differentiated  PC-12  cells,  reduce  new 
protein  synthesis  by  94%  or  more  (black  bars,  serum-  NGF-supported, 
gray  bars,  serum-  NGF -withdrawn).  Employment  of  the  three  protein 
synthesis  inhibitor  at  those  concentrations  did  not  alter  the  survival  of 
serum-  and  NGF-supported  or  serum-  and  NGF-withdrawn  cells  (Bl)  but 
prevented  the  three  DRPs  administered  at  10  7,  10  9,  and  10  11  M  (B2, 
B3,  and  B4)  from  increasing  survival  after  serum  and  NGF  withdrawal. 
Progressive  delays  in  the  administration  of  3  g/ml  actinomycin  D  (Cl)  or 
8  g/ml  of  cycloheximide  (C2)  showed  that  the  protein  synthesis  inhibi¬ 
tors  completely  blocked  the  capacity  of  10  9  M  DEP  from  increasing 
survival  for  delays  of  up  to  5  h  and  10  9  M  DES  for  delays  of  up  to  3  h. 
Longer  delays  in  the  administration  of  the  two  inhibitors  allowed  for 
progressive  increases  in  survival.  ,  significant  increases  in  survival  (p 
0.05)  compared  with  M/O;  E,  no  inhibitor  or  DRP  addition;  f ,  DRP 
actinomycin  D  addition;  ,  ,  DRP  cycloheximide  addition;  F,  DRP  addi¬ 
tion;  ,  DRP  camptothecin  addition. 
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Fig.  1,  Fig.  5B1  shows  that  those  concentrations  of  the  pro¬ 
tein  synthesis  inhibitors  did  not  affect  the  survival  of  the 
6-day  NGF-  differentiated  PC-12  cells  when  they  were  se¬ 
rum-  and  NGF -supported  or  after  serum-  and  NGF-with- 
drawn  (p  0.05). 

Treatment  with  each  protein  synthesis  inhibitor  blocked  or 
markedly  reduced  the  increased  survival  afforded  by  the 
DRPs  at  concentrations  of  10  7  to  10  11  M  (Fig.  5,  B2-B4, 
p  0.05).  Accordingly,  new  protein  synthesis  is  necessary  for 
the  antiapoptosis  provided  by  the  three  DRPs.  Experiments 
in  which  the  addition  of  the  protein  synthesis  inhibitors  were 
delayed  relative  to  the  withdrawal  of  serum  and  NGF  and  the 
addition  of  10  9  M  DRP  showed  that  DRP  antiapoptosis 
progressively  decreased  for  inhibitor  addition  delays  beyond 
3  to  7  h  (Fig.  5,  Cl  and  C2).  The  delay  curves  for  DEP  (Fig. 
5C1)  were  shifted  to  about  2-h  longer  times  compared  with 
those  for  DES  (Fig.  5C2).  Delay  curves  similar  to  those  for 
DES  were  found  for  CGP  3466  (data  not  shown). 

DRPs  Alter  the  New  Synthesis  of  a  Number  of  Pro¬ 
teins  during  Apoptosis.  We  examined  metabolically  la¬ 
beled  2D  protein  gels  for  whole  cell  lysates  at  6  h  after 
washing.  Six  hours  represents  the  end  of  the  first  phase  of 
decreased  survival,  which  corresponded  to  the  onset  of  in¬ 
creased  apoptotic  nuclear  degradation  revealed  by  chromatin 
condensation  and  the  time  at  which  delays  in  the  addition  of 
protein  synthesis  inhibitors  allowed  for  maximal  increases  in 
survival  to  be  induced  by  the  DRPs  (Fig.  5,  B1  and  B2). 


Autoradiograms  like  those  in  Fig.  6  represent  the  incorpora¬ 
tion  of  [35S]methionine  into  proteins  and  hence,  provided  an 
estimate  of  the  synthesis  of  new  proteins  during  the  first  6  h 
after  washing.  The  partially  NGF -differentiated  PC-12  cells 
maintained  in  serum  and  NGF  after  washing  were  found  to 
incorporate  the  35S  label  into  a  relatively  large  number  of 
proteins  as  indicated  by  the  distribution  and  number  of  punc¬ 
tate  autoradiographic  densities  (Fig.  6A1).  In  contrast,  rela¬ 
tively  fewer  densities  were  detected  in  samples  taken  from 
cells  that  were  NGF-  and  serum-withdrawn  (Fig.  6A2).  As 
well  as  the  overall  decrease  in  densities,  a  number  of  densi¬ 
ties  were  evident  in  serum-  and  NGF-withdrawn  cells  that 
did  not  appear  to  be  present  in  the  serum-  and  NGF -sup¬ 
ported  cells  (compare  F ig.  6,  Al  and  A2).  The  autoradiograms 
also  appeared  to  show  that  DRP  treatment  at  10  9  M  in¬ 
creased  the  number  of  densities  in  the  serum-  and  NGF- 
withdrawn  cells  (compare  Fig.  6A2  to  Fig.  6A3).  The  autora¬ 
diograms  were  repeated  for  three  experiments,  each  of  which 
offered  similar  changes  in  the  numbers  and  distributions  of 
densities  for  labeled  proteins.  The  DRP-induced  increase  in 
densities  appeared  to  result  from  the  recovery  of  some  den¬ 
sities  lost  with  serum  and  NGF  withdrawal  together  with  the 
appearance  of  other  densities  that  were  not  evident  in  either 
serum-  and  NGF -supported  or  serum-  and  NGF-withdrawn 
cells. 

Scintillation  counting  for  35S  in  the  whole  cell  lysates  ap¬ 
peared  to  support  the  autoradiographic  results.  New  protein 
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Fig.  6.  DEP  induces  widespread  changes  in  new  protein  synthesis,  notably  in  nuclear  and  mitochondrial  proteins,  in  6-day  NGF  -differentiated  PC-12 
cells  entering  apoptosis  after  serum  and  NGF  withdrawal.  Typical  autoradiograms  for  2D  protein  gels  for  metabolically  labeled  total  protein  at  6  h 
after  washing  and  replacement  in  medium  with  serum  and  NGF  (Al),  washing  and  placement  in  medium  without  serum  or  NGF  (A2),  and  washing 
and  placement  in  medium  without  serum  or  NGF  with  10  9  M  DEP  (A3).  Bl-i  to  Bl-iii,  B2-i  to  B2-iii,  B3-i  to  B3-iii,  and  B4-i  to  B4-iii  present  2D 
autoradiograms  for  the  plasma  membrane,  mitochondrial,  cytosolic,  and  nuclear  protein  subfractions,  respectively,  at  6  h  after  washing  and 
replacement  in  serum  and  NGF  (i  panels),  washing  and  placement  in  MEM  only  (ii  panels),  and  washing  and  placement  in  MEM  with  10  9  M  DEP 
(iii  panels).  C  presents  scintillation  counts  for  metabolically  labeled  proteins  corresponding  to  those  for  total  protein  and  each  of  the  subcellular 
fractions.  PI.  M.,  Mit.,  Cyt.,  and  Nuc.  indicate  plasma  membrane,  mitochondrial,  cytosolic,  and  nuclear  subfractions,  respectively.  ,  significant 
increases  in  counts  (p  0.05)  compared  with  those  for  M/O. 


Downloaded  from  jpet.aspetjournals.org  at  Nyu  Med  Centr  Lib  on  October  22,  2012 


Propargylamines  Induce  Antiapoptotic  Protein  Synthesis 


761 


ct. 


UJ 

c- 

X 

LU 


Q 

Z 

< 

>■ 

b 

o 

— 

0 

u 

< 

o' 

< 

X 


synthesis  for  the  serum-  and  NGF-withdrawn  cells  at  6  h 
(M/O  in  Fig.  6C)  was  reduced  to  29.8  3.4%  of  that  for  cells 

that  were  washed  and  replaced  in  medium  with  serum  and 
NGF  (M/S  N  at  6  h,  p  .001  for  M/O  compared  with 
M/S  N),  whereas  treatment  of  the  serum-  and  NGF-with- 
drawn  cells  with  10  9  M  DEP  resulted  in  a  recovery  to  75.8 
4.7%  of  that  for  cells  that  were  washed  and  maintained  in 
medium  with  serum  and  NGF  (p  .001  compared  with  M/O). 

Evidence  that  the  DRPs  differentially  affected  new  protein 
synthesis  in  different  subcellular  protein  fractions  was  found 
with  both  2D  autoradiograms  and  scintillation  counting  (Fig. 
6,  B1-B4  and  C).  Two-dimensional  gel  autoradiograms  for 
the  plasma  membrane  (Fig.  6,  Bl-i  to  Bl-iii)  and  mitochon¬ 
drial  (Fig.  6,  B2-i  to  B2-iii),  cytosolic  (Fig.  6,  B3-i  to  B3-iii), 
and  nuclear  fractions  (Fig.  6,  B4-i  to  B4-iii)  revealed  overall 
decreases  in  autoradiographic  densities  for  serum-  and  NGF  - 
withdrawn  cells  at  6  h.  The  DRPs  induced  clear  changes  in 
densities  on  the  2D  gel  autoradiograms  for  the  mitochondrial 
(Fig.  6B2-iii)  and  nuclear  fractions  (Fig.  6B4-iii).  For  exam¬ 
ple,  treatment  with  10  9  M  DEP  induced  recovery  of  some 
densities  in  all  subfractions,  most  notably  in  the  mitochon¬ 
drial  subfraction.  Like  those  for  the  total  protein  pool,  the 
autoradiograms  for  the  subfractions  indicated  that  the  DRPs 
induced  the  recovery  of  some  densities  lost  with  serum  and 
NGF  withdrawal  but  also  induced  the  disappearance  of  some 
densities  evident  in  either  serum-  and  NGF -supported  or 
serum-  and  NGF-withdrawn  cells.  The  autoradiograms  also 
suggested  that  the  DRPs  induced  the  synthesis  of  some  novel 
proteins  that  were  not  newly  synthesized  in  either  serum- 
and  NGF -supported  or  serum-  and  NGF-withdrawn  cells  or 
that  the  DRPs  induced  the  subcellular  movement  of  newly 
synthesized  proteins  from  one  subcellular  fraction  to  an¬ 
other.  The  appearance  of  novel  densities  appeared  most  evi¬ 
dent  in  the  mitochondrial  fraction  (compare  Fig.  6B2-iii  to 
Fig.  6B2-i  and  Fig.  6B2-ii). 

Figure  6C  also  shows  the  scintillation  counts  for  the  sub¬ 
fractions.  New  protein  synthesis  in  the  plasma  membrane 
fraction  was  reduced  from  25.9  8. 1%  of  total  new  protein  in 

serum-  and  NGF-supported  cells  to  less  than  0.4  0.2  in 

serum-  and  NGF-withdrawn  cells  (p  .001  for  M/O  com¬ 
pared  with  M/S  N).  DEP,  or  the  other  DRPs,  did  not  signif¬ 
icantly  increase  the  labeled  protein  in  the  plasma  membrane 
fraction  (1.2  0.8,  p  .05  for  M/O  compared  with  MEM  with 

DEP).  The  reduction  in  new  protein  synthesis  after  serum 
and  NGF  withdrawal  was  less  marked  in  the  cytoplasmic 
fraction  (19.7  0.4%  of  total  labeled  protein  for  M/S  N  and 

7.0  1.5%  for  M/O,  p  .01  for  M/S  N  compared  with  M/O). 

DEP  did  not  significantly  increase  the  counts  for  the  cyto¬ 
plasmic  fraction  (10.1  1.4%,  p  .05  for  M/O  compared  with 

MEM  with  DEP).  Serum  and  NGF  withdrawal  markedly 
reduced  new  protein  synthesis  in  the  mitochondrial  fraction 
(25.1  1.7%  of  total  labeled  protein  for  M/S  N  and  1.2 

0.7%  for  M/O,  p  .01  for  M/S  N  compared  with  M/O)  and  in 
the  nuclear  fraction  (21.5  1.6%  of  total  labeled  protein  for 

M/S  N  and  3.5  1.6%  for  M/O,  p  .01  for  M/S  N  compared 

with  M/O).  DEP  treatment  induced  levels  of  new  protein 
synthesis  for  the  mitochondrial  and  nuclear  fractions  in  the 
serum-  and  NGF-withdrawn  cells  that  were  not  significantly 
reduced  from  those  for  serum-  and  NGF-supported  cells 
(33.6  5.7%  for  the  mitochondrial  fraction  and  23.6  4.2% 

for  the  nuclear  fraction,  p  .05  for  M/O  with  DEP  compared 
with  M/S  N).  Accordingly,  DEP  treatment  returned  the  lev¬ 


els  of  newly  synthesized  protein  in  the  mitochondrial  and 
nuclear  fractions  to  the  levels  found  in  serum-  and  NGF- 
supported  cells. 

Proteins  Affected  by  DRPs.  Western  blots  for  multiple 
time  points  were  performed  to  identify  some  of  the  proteins  of 
which  synthesis  was  altered  by  DRP  treatment.  Examples  of 
typical  Western  blots  are  presented  in  F ig.  7,  whereas  optical 
density  measurements  taken  from  Western  blot  bands  are 
presented  in  Fig.  8.  F igure  7,  Al,  A2,  Bl,  and  B2  show  typical 
changes  in  BCL-2  immunoreaction  induced  by  DES  or  DEP 
at  1,  3,  6,  and  9  h  or  3,  6,  12,  and  24  h,  respectively,  following 
serum  and  NGF  withdrawal.  Levels  of  BCL-2  immunoreac¬ 
tion  were  reduced  by  3  h  following  serum  and  NGF  with¬ 
drawal,  with  a  further  decline  in  protein  levels  over  subse¬ 
quent  hours  (F ig.  7,  A2  and  B 1  and  F ig.  8A).  DEP  (F ig.  7B2), 
DES  (Fig.  7A2),  and  CGP  3466  (not  shown)  at  10  9  M  main¬ 
tained  BCL-2  immunoreaction  at  levels  similar  to  those 
found  in  serum-  and  NGF -supported  cells  (F ig.  8A).  Notably, 
the  DRPs  did  not  alter  levels  of  BCL-2  immunoreaction  in 
cells  that  were  maintained  in  M/S  N  after  washing  and 
therefore  were  not  entering  apoptosis  (see  right-hand  four 
bands  in  Fig.  7A1  for  an  example). 

Proteins  like  SOD1  (Fig.  8C),  SOD2  (Fig.  8D),  glutathione 
peroxidase  (Fig.  8E),  and  tyrosine  hydroxylase  (Fig.  8H) 
showed  progressive  decreases  after  serum  and  NGF  with¬ 
drawal  that  were  similar  to  those  found  for  BCL-2.  They  were 
maintained  at  serum-  and  NGF-supported  levels  or  were 
increased  above  those  levels  by  DRP  treatment. 

Several  proteins  including  c-FOS  (Fig.  8F),  c-JUN  (Fig.  7, 
Cl-1,  Cl-2,  C2-1 ,  C2-2,  and  Fig.  8G),  and  GAPDH  (Fig.  81; 
also  see  Carlile  et  al.,  2000)  showed  increased  immunoreac- 
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Fig.  7.  Western  blots  for  the  immunodensity  of  selected  proteins  after 
serum  and  NGF  withdrawal  with  and  without  DRP  treatment.  BCL-2 
immunodensity  at  1,  3,  6,  and  9  h  after  washing  and  replacement  in 
medium  with  serum  and  NGF  support  (Al)  or  placement  into  medium 
without  serum  and  NGF  (A2).  Immunodensity  for  BCL-2  (B1-B3),  c-JUN 
(Cl-1,  Cl-2,  C2-1  and  C2-2),  and  MAP -2  (D1  and  D2).  SN6,  6  h  after 
washing  and  replacement  in  medium  with  serum  and  NGF  support;  03, 
06,  012,  and  024,  3,  6,  12,  and  24  h,  respectively,  after  washing  and 
placement  into  medium  without  serum  and  NGF;  and  d3,  d6,  dl2,  and 
d24,  3,  6,  12,  and  24  h,  respectively,  after  washing  and  placement  into 
medium  without  serum  and  NGF  with  added  10  9  M  DEP.  E,  BAX 
immunodensity  for  nuclear,  mitochondrial,  and  cytosolic  subfractions  at 
3,  6,  9,  and  12  h  after  washing  and  replacement  in  medium  with  serum 
and  NGF  support  (top  panel),  after  washing  and  placement  into  medium 
without  serum  and  NGF  (middle  panel),  and  after  washing  and  place¬ 
ment  into  medium  without  serum  and  NGF  with  added  10  9  M  DES 
(bottom  panel). 
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Fig.  8.  Plots  of  average  Western  blot  immunodensity  above  background 
for  selected  proteins  at  0,  3,  6,  12,  and  24  h  after  serum  and  NGF 
withdrawal.  Each  point  represents  the  average  S.E.M.  optical  density 
for  immunodensity  bands  from  three  experiments  and  is  normalized 
against  the  average  optical  density  for  bands  from  serum  and  NGF- 
supported,  6-day  NGF-differentiated  PC-12  cells  at  6  h  after  washing. 
The  values  for  serum-  and  NGF-supported,  6-day  NGF-differentiated 
PC-12  cells  are  plotted  at  time  0.  Other  points  represent  the  time  after 
washing  for  serum-  and  NGF-withdrawn  cells.  Each  plot  is  labeled  for  the 
respective  primary  antibody.  A  9-h  time  point  was  substituted  for  the 
12-h  time  point  for  GAPDH.  E,  serum  NGF  withdrawal;  ,  ,  serum 
NGF  withdrawal  10  9  M  DEP.  Glut.  Perox.,  glutathione  peroxidase; 
TH,  tyrosine  hydroxylase;  NFL,  neurofilament  light  protein. 


tion  after  serum  and  NGF  withdrawal  that  were  decreased 
by  DRP  treatment.  c-JUN  underwent  a  rapid  transient  in¬ 
crease  that  was  only  detected  at  the  3-h  time  point.  Two 
examples  of  Western  blots  for  c-JUN  are  presented  in  Fig.  7, 
Cl  and  C2  to  demonstrate  the  reproducibility  of  the  transient 
c-JUN  increase  and  its  disappearance  with  DRP  treatment. 

Four  proteins  that  we  examined  did  not  show  any  differ¬ 
ences  in  immunoreaction  for  the  whole  cell  lysates  with  DRP 
treatment:  BAX  (Fig.  8B),  neurofilament  light  protein  (Fig. 
8J),  MAP -2  (Fig.  7,  D1  and  D2  and  Fig.  8K),  and  -tubulin 
(Fig.  8L).  Although  BAX  levels  for  the  whole  cell  lysates  did 
not  decrease  after  serum  and  NGF  withdrawal,  we  found 
differences  in  BAX  immunoreaction  in  nuclear,  mitochon¬ 
drial,  and  cytosolic  fractions  after  serum  and  NGF  with¬ 
drawal  and  following  DRP  treatment.  In  cells  that  were 
washed  and  then  maintained  in  medium  with  serum  and 
NGF,  BAX  immunoreaction  was  more  strongly  evident  in  the 
nuclear  and  cytosolic  fractions  than  in  the  mitochondrial 
fraction  (Fig.  7E,  upper  panel  labeled  M/S  N).  BAX  immu¬ 
noreaction  progressively  decreased  in  the  cytosolic  and  nu¬ 
clear  fractions  but  was  increased  in  the  mitochondrial  frac¬ 
tion  by  3  h  after  serum  and  NGF  withdrawal  (Fig.  7E,  middle 
panel  labeled  M/O).  DRP  treatment  prevented  or  reduced  the 
decreased  immunoreaction  in  the  nuclear  and  cytosolic  frac¬ 
tions  and  also  appeared  to  reduce  the  increased  BAX  immu¬ 
noreaction  in  the  mitochondrial  fraction  after  serum  and 
NGF  withdrawal  (Fig.  7E,  lower  panel  labeled  M/O  DES). 


Discussion 

NGF  induces  multiple  changes  in  PC-12  cells  including:  1) 
differentiation  into  an  action  potential-generating,  neurite- 


bearing,  sympathetic  neuron-like  phenotype;  2)  a  reduction 
in  proliferation;  and  3)  an  increase  in  survival  (Greene  and 
Tischler,  1982).  Similar  to  previous  reports,  we  found  that 
DEP  does  not  decrease  apoptosis  caused  by  serum  with¬ 
drawal  from  NGF -naive  PC-12  cells  (Vaglini  et  al.,  1996).  We 
found  that  4  days  of  prior  NGF  exposure  is  necessary  before 
DRPs  can  reduce  PC-12  cell  apoptosis  initiated  by  serum  and 
NGF  withdrawal. 

DEP  was  first  shown  to  prevent  decreases  in  dopaminergic 
indices  of  nigrostriatal  neuronal  survival  caused  by  MPTP  ex¬ 
posure  in  primates  (Cohen  et  al.,  1984),  which  was  interpreted 
to  show  that  DEP  protected  the  neurons  by  blocking  MPTP 
conversion  to  MPP  by  MAO-B.  A  number  of  clinical  trials 
showed  that  DEP  can  slow  the  clinical  progression  of  Parkin¬ 
son’s  disease  (see  Parkinson,  1993  as  an  example),  but  it  is 
uncertain  whether  the  slowing  represents  reduced  neuronal 
death  or  alterations  in  dopamine  metabolism.  It  is  certain  that 
DEP  and  other  DRPs  reduce  neuronal  death  induced  in  vivo 
and  in  vitro  by  a  wide  variety  of  insults  in  a  number  of  different 
neuronal  models.  Those  insults  have  included  6-hydroxydopa- 
mine,  MPP  ,  MPTP,  nitric  oxide  or  peroxynitrite,  N-(-2-chloro- 
ethyl)-N-ethyl-2-bromobenzylamine,  glutathione  depletion,  pe¬ 
ripheral  nerve  crush  or  axotomy,  optic  nerve  crush,  hypoxia 
and/or  ischemia,  cytosine  arabinoside,  excitotoxins,  trophic  in¬ 
sufficiency,  thiamine  deficiency,  okadaic  acid,  and  aging.  The 
neurons  or  neuron-like  cells  have  included  mesencephalic  or 
nigral  dopaminergic  neurons,  hippocampal  neurons,  dentate 
neurons,  cerebellar  granule  and  Purkinje  neurons,  cerebral  cor¬ 
tical  neurons,  thalamic  neurons,  retinal  ganglion  neurons,  spi¬ 
nal  and  facial  motoneurons,  neuroblastoma  cells,  and  partially 
differentiated  PC-12  cells  (reviewed  in  Tatton  et  al.,  2000). 
Studies  involving  a  range  of  models  have  shown  that  DRPs  can 
increase  neuronal  survival  without  MAO-B  inhibition  and  by 
reducing  apoptosis  (Tatton  et  al.,  2000).  Since  PC-12  cells  do  not 
express  MAO-B  (Youdim  et  al.,  1986)  and  CGP  3466  does  not 
inhibit  MAO-B  (Kragten  et  al.,  1998;  Waldmeier  et  al.,  2000), 
DRP  antiapoptosis  in  the  serum-  and  NGF-withdrawn,  6-day 
NGF-differentiated  PC-12  cells  is  also  MAO-B-independent. 

As  before,  we  examined  multiple  indices  to  determine 
whether  the  increases  in  cell  survival  result  from  antiapop¬ 
tosis.  Time  course  studies  of  survival  versus  the  percentage 
of  cells  with  nuclear  chromatin  condensation  showed  that 
about  16%  of  the  cells  die  during  the  first  6  h  after  serum  and 
NGF  withdrawal  by  a  process  that  is  unlikely  to  be  apoptotic. 
The  remaining  cell  loss,  occurring  after  6  h,  meets  multiple 
criteria  for  apoptosis  and  is  responsive  to  DRP  treatment. 
zVAD-fmk,  a  general  caspase  inhibitor,  prevented  almost 
100%  of  the  apoptosis  whereas  acetyl-DEVD  aldehyde,  a 
caspase-3  inhibitor,  prevented  less  than  50%.  This  is  in  keep¬ 
ing  with  previous  studies  of  NGF-differentiated  PC-12  cells, 
which  have  shown  that  general  caspase  or  caspase-2  inhibi¬ 
tors  almost  completely  prevent  apoptosis  initiated  by  NGF  or 
serum  and  NGF  withdrawal  whereas  caspase-3  inhibition 
only  partially  prevents  the  apoptosis  (Flaviv  et  al.,  1997, 
1998;  Stefanis  et  al.,  1998). 

We  found  that  new  protein  synthesis  is  necessary  for  re¬ 
ductions  in  apoptosis  induced  by  the  three  DRPs.  In  various 
models,  protein  synthesis  inhibitors  can  slow  or  reduce  apo¬ 
ptosis,  induce  apoptosis,  or  may  not  affect  the  extent  or 
timing  of  apoptosis  (Eastman,  1993).  Hence,  the  use  of  pro¬ 
tein  synthesis  inhibitors  to  examine  antiapoptotic  agents  can 
be  complicated  if  the  apoptosis  itself  requires  new  protein 
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synthesis  or  if  a  protein  synthesis  inhibitor  induces  apopto¬ 
sis.  Apoptosis  initiated  by  serum  withdrawal  from  NGF- 
naive  PC-12  cells  (Rukenstein  et  al.,  1991;  Mesner  et  al., 
1995)  or  serum  and  NGF  withdrawal  from  partially  NGF- 
differentiated  PC-12  cells  (Tatton  et  al.,  1994)  are  not  new 
protein  synthesis-dependent.  Alternatively,  apoptosis  initi¬ 
ated  in  fully  differentiated  PC-12  cells  by  NGF  withdrawal 
requires  new  protein  synthesis  (Mesner  et  al.,  1995).  Some 
protein  synthesis  inhibitors  induce  apoptosis  over  one  con¬ 
centration  range  and  reduce  apoptosis  over  another  (Torocsik 
and  Szeberenyi,  2000).  Our  findings  suggest  that  the  dura¬ 
tion  of  previous  exposure  to  NGF  determines  how  protein 
synthesis  inhibitors  influence  apoptosis  signaling  initiated 
by  serum  and  NGF  withdrawal  in  PC-12  cells. 

Our  experiments  in  which  protein  synthesis  inhibitor  ad¬ 
dition  was  delayed  relative  to  serum  and  NGF  withdrawal 
and  DRP  addition  suggested  that  critical  antiapoptotic  alter¬ 
ations  in  transcription/translation  induced  by  DES  begin 
prior  to  3  h  after  DES  addition  whereas  those  for  DEP  con¬ 
tinue  to  5  h.  DES  is  a  principal  metabolite  of  DEP  (Baker  et 
al.,  1999),  and  studies  using  cytochrome  P450  inhibitors  sug¬ 
gest  that  DEP  antiapoptosis  requires  DEP  metabolism  to 
DES  (Tatton  and  Chalmers-Redman,  1996).  The  relative  pro¬ 
longation  of  the  protein  synthesis  inhibitor  blockade  of  DEP 
antiapoptosis  may  reflect  a  period  necessary  for  DEP  metab¬ 
olism  to  DES.  The  experiments  in  which  DRP  addition  was 
delayed  relative  to  the  onset  of  serum  and  NGF  withdrawal 
indicate  that  the  apoptosis  signaling  events  that  are  critical 
to  DRP  antiapoptosis  occur  between  2  and  5  h  after  serum 
and  NGF  withdrawal,  which  is  within  the  same  time  domain 
for  critical  DRP-induced  new  protein  synthesis  suggested  by 
the  protein  synthesis  inhibitor  delay  experiments. 

Metabolic  labeling  suggested  that  DRPs  induced  changes 
in  the  new  synthesis  of  a  number  of  proteins,  with  the  most 
marked  changes  involving  the  mitochondrial  and  nuclear 
protein  subfractions.  Previous  work  used  differential  display- 
polymerase  chain  reaction  to  identify  four  genes,  c-jun,  heat- 
shock  protein  70,  phosphoglycerate  kinase,  and  calpactin  I 
heavy  chain,  of  which  expression  was  increased  in  retinal 
ganglion  neurons  initiated  into  apoptosis  by  serum  depriva¬ 
tion  or  hypoxia  (Xu  et  al.,  1999).  In  that  study,  10  9  M  DEP 
reversed  the  increases  in  c-jun  and  heat-shock  protein  70 
gene  expression  but  not  that  for  the  other  genes.  Like  with 
the  retinal  study,  we  have  found  that  DRPs  alter  the  synthe¬ 
sis  of  some  proteins  but  not  others  and  found  a  transient 
increase  in  c-JUN.  As  well  as  for  c-JUN,  we  found  alterations 
for  a  number  of  proteins  that  previously  were  shown  to  play 
a  role  in  PC-12  cell  apoptosis,  including  BCL-2,  BAX,  SOD1, 
SOD2,  c-FOS,  glutathione  peroxidase,  and  GAPDH. 

Importantly,  we  found  that  the  timing  of  alterations  in  the 
levels  or  subcellular  distribution  of  those  proteins  induced  by 
DRPs  were  appropriate  to  antiapoptosis.  In  this  and  previous 
studies  (Wadia  et  al.,  1998;  Carlile  et  al.,  2000),  we  found 
that  apoptotic  nuclear  degradation  first  became  evident  at 
about  6  h  after  serum  and  NGF  withdrawal.  Western  blots 
showed  that  the  levels  of  antiapoptotic  proteins  decreased 
and  those  of  pro-apoptotic  proteins  increased  by  3  h  after 
serum  and  NGF  withdrawal.  DRP  treatment  caused  those 
early  alterations  to  return  toward  control  levels  in  associa¬ 
tion  with  a  decrease  in  the  percentage  of  cells  with  apoptotic 
nuclear  degradation.  The  timing  for  changes  in  the  levels  of 
apoptotic  and  antiapoptotic  proteins  appear  in  accord  with 


that  found  by  the  protein  synthesis  inhibition  and  DRP  ad¬ 
dition  delay  experiments. 

Increases  in  the  phosphorylation  and  levels  of  c-JUN  are 
induced  by  NGF  withdrawal  from  sympathetic  neurons  or 
NGF-differentiated  PC-12  cells  and  involves  the  up-regula¬ 
tion  of  c-Jun  N-terminal  kinase  (JNK)  and/or  p38  mitogen- 
activated  protein  kinase  (Xia  et  al.,  1995;  Maroney  et  al., 
1999).  Pharmacological  inhibition  of  JNK  blocks  apoptosis  in 
NGF-differentiated  PC-12  cells  induced  by  NGF  withdrawal 
but  not  apoptosis  induced  in  NGF -naive  PC-12  cells  induced 
by  serum  withdrawal  (Maroney  et  al.,  1999).  NGF  with¬ 
drawal  in  6-day  NGF-differentiated  PC-12  cells  induced  an 
increase  in  the  levels  of  an  endogenous  mitogen -activated 
protein  kinase  kinase  kinase,  apoptosis  signal-regulating  ki¬ 
nase  1  (Kanamoto  et  al.,  2000).  Apoptosis  signal-regulating 
kinase  1  up-regulation  was  necessary  for  c-JUN  up-regula¬ 
tion  and  apoptosis  initiated  by  NGF  withdrawal  in  the  cells 
(Hatai  et  al.,  2000;  Kanamoto  et  al.,  2000).  The  timing  of  the 
c-JUN  up-regulation  was  consistent  with  the  transient  c- 
JUN  increase  that  we  found  3  h  after  serum  and  NGF  with¬ 
drawal. 

The  prevention  of  decreases  in  BCL-2  and  the  decreased 
mitochondrial  BAX  localization  induced  by  the  DRPs  may 
contribute  to  the  maintenance  of  M  found  with  DRP  treat¬ 
ment  of  neurons  or  neuron-like  cells  entering  apoptosis 
(Paterson  et  al.,  1998;  Wadia  et  al.,  1998).  BCL-2  prevents 
decreases  in  M  caused  by  agents  that  increase  mitochon¬ 
drial  membrane  permeability  and  induce  apoptosis  in  PC-12 
cells  (Dispersyn  et  al.,  1999).  Mitochondrial  BAX  accumula¬ 
tion,  similar  to  our  finding  in  the  NGF-differentiated  PC-12 
cells,  has  been  shown  for  a  number  of  forms  of  apoptosis 
including  NGF  withdrawal  from  sympathetic  neurons 
(Putcha  et  al.,  2000).  Mitochondrial  BAX  accumulation  in¬ 
creases  mitochondrial  membrane  permeability  and  decreases 
M  (Narita  et  al.,  1998).  Prevention  of  increased  mitochon¬ 
drial  membrane  permeability  can  be  a  key  step  in  blocking 
apoptotic  degradation  (Jacotot  et  al.,  1999). 

DRPs  have  been  shown  to  bind  to  GAPDH  in  association 
with  reductions  in  apoptosis  (Kragten  et  al.,  1998;  Carlile  et 
al.,  2000).  Up-regulation  of  GAPDH  together  with  the  dense 
nuclear  accumulation  of  GAPDH  immunoreactivity  is  char¬ 
acteristic  of  apoptosis  that  can  be  blocked  by  GAPDH  anti- 
sense  oligonucleotides  (reviewed  in  Tatton  et  al.,  2000).  The 
tumor  suppressor  protein,  p53,  has  been  shown  to  up-regu- 
late  GAPDH  in  neuronal  apoptosis  (Chen  et  al.,  1999).  p53 
activation  is  downstream  to  JNK  activation  but  upstream  to 
BAX  (Aloyz  et  al.,  1998;  Mielke  and  Herdegen,  2000)  in  a 
variety  of  apoptosis  models,  which  may  suggest  that  DRP 
binding  to  GAPDH  could  uncouple  a  JNK-p53-GAPDH  apo¬ 
ptosis  signaling  pathway. 
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